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GENERAL INTRODUCTION 
This thesis tests several predictions of the abundant centre model (ACM, Brown 1984, 
Sagarin & Gaines 2002) by comparing central and peripheral populations of the model species 
Carduus defloratus across its Central European distribution. Analyses of continuous changes 
in population size and density, and in trait means from the centre towards the periphery of a 
species' distribution are rare, but are important in order to test the predictions of the ACM 
(Gaston 2009). 
In contrast to earlier studies, in this thesis patterns of genetic variation in both quantitative and 
molecular genetic traits are investigated to analyse the importance of genetic drift and 
selection for population differentiation across a species range. The studies on molecular and 
quantitative genetic variation and structure of C. defloratus are combined with investigations 
of plant performance under standard conditions, and of the population structure and 
demography of the species.  
 
The abundant centre model  
Biogeographical models predict that the suitability of the environment for a species decreases 
with the distance to the centre of a species’ geographical range (Lawton 1993, Dorken & 
Eckert 2001, Sagarin & Gaines 2002). Because of unfavourable conditions, peripheral 
populations are expected to be more isolated from each other (greater interpopulation 
distances), to be smaller and to be less dense than central populations. This biogeographical 
model of patterns in abundance is widely accepted (Hengeveld & Haeck 1982, Brown 1984, 
Lawton 1993, Brown et al. 1995, Hampe & Petit 2005, Samis & Eckert 2007) and has been 
termed the "abundant centre model" (ACM; Sagarin & Gaines 2002). Further predictions for 
peripheral populations derived from the model include lower reproduction of organisms, 
higher temporal variability of demographic transitions and of population growth rates, higher 
genetic differentiation among populations and lower within-population genetic diversity 
(Sagarin & Gaines 2002, Vucetich & Waite 2003, Eckert et al. 2008). 
 
Geographical variation in abundance, reproduction, seed predation   
Although the ACM is well founded in ecological theory and makes intuitively sense, its 
generality has been challenged and reviews of empirical studies on various groups of 
organisms concluded that there was only partial support for the predictions of the ACM with 
regard to patterns of abundance (Sagarin & Gaines 2002, Sexton et al. 2009). A problem in 
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testing the predictions of the ACM was that most studies did not adequately sample the range 
of species, but instead only compared a few peripheral with a few central populations. In 
particular, the range edges were severely underrepresented (Sagarin & Gaines 2002, Samis & 
Eckert 2007, Sexton et al. 2009). Very few studies on plants have tested the prediction that 
peripheral populations exhibit lower abundance than populations at the centre of a species’ 
distribution range and their results have been conflicting. While some studies confirmed the 
predictions of the ACM (Hengeveld & Haeck 1982, Durka 1999, Jump & Woodward 2003), 
others did not (Carter & Prince 1988, Ribeiro & Fernandez 2000, Samis & Eckert 2007). In 
the annual plant species Hornungia petraea, population densities were actually higher at the 
periphery than at the centre (Kluth & Bruelheide 2005a). Moreover, Gaston (2009) has 
recently argued that it is necessary to differentiate between an "abundant-centre" hypothesis, 
which predicts that abundance declines continuously from the core to the periphery of a 
geographic range, and a "rare-periphery" hypothesis that predicts that abundance is low at the 
range limit with no wider pattern. These two hypotheses can only be tested by studying 
populations across the distributional range. 
The factors responsible for a reduced reproduction in peripheral populations have rarely been 
studied. Reproduction at the margin of a species’ range may be reduced because of strong 
resource limitation of reproduction, or due to harsh abiotic conditions that prevent seed 
ripening (Pigott & Huntley 1981, Reinartz 1984), or because peripheral populations are small 
and thus not attractive for pollinators resulting in pollen limitation of reproduction (Sih & 
Balthus 1987, Groom 1998). In a study on pollinator service and pollen limitation across the 
distribution of Clarkia xantiana (Moeller et al. 2012) the observed elevated pollen limitation 
at the geographical range limit of the plant was due to a gradual decline in the availability of 
generalist visitors towards the range edge of the distribution of the species. Small size of 
peripheral populations may also result in increased self-pollination or biparental inbreeding 
(Eckert et al. 2006), and in reduced seed production as an expression of inbreeding depression 
early in the life-cycle (Karron et al. 1995, Fischer & Matthies 1998a, Routley et al. 1999). 
However, several mechanisms may reduce the impact of these processes on reproduction. 
Small and isolated peripheral plant populations are more difficult to find for specific seed 
predators, and small populations of herbivores face a greater risk of extinction (Alexander et 
al. 2007, Holt & Barfield 2009), which may reduce seed predation in small plant populations 
and mask the effects of pollen limitation (Colling & Matthies 2004). Reduced opportunities 
for outcrossing in peripheral populations may select for alleles in outbreeding species that 
increase autonomous autogamy to assure reproduction (Lloyd & Schoen 1992, Herlihy & 
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Eckert 2005, Moeller 2006). This is supported by the fact that self-fertilising populations have 
been observed at the geographical periphery of outcrossing species (Solbrig & Rollins 1977, 
Busch 2005). Finally, small isolated populations may be less likely to exhibit strong 
inbreeding depression because of the purging of deleterious recessive alleles (Byers & Waller 
1999), but on the other hand, inbreeding depression might be expressed more strongly in the 
harsher environment at range margins (Ellstrand & Elam 1993, García et al. 2000, De Vere et 
al. 2009). Stronger inbreeding depression and higher environmental stress might result in 
decreasing developmental stability. A widely used measure of decreasing developmental 
stability is fluctuating asymmetry (FA) which should increase when developmental stability 
decreases (Palmer & Strobeck 1986; Freeman et al. 1993, Markow 1995). Studies on 
increasing fluctuating asymmetry of central and peripheral populations are rare. Higher FA in 
peripheral than in central populations has been found in petals of Lychnis viscaria (Siikamäki 
& Lammi 1998) and in leaves of two Quercus species (Cornelissen & Stiling 2010). 
 
Demography of central and peripheral populations 
Declining environmental favourability is expected to result in a decrease of survival, growth 
and reproduction towards the range boundaries of species and to increase the temporal 
variability in demographic transitions (Sagarin & Gaines 2002, Vucetich & Waite 2003, Kluth 
& Bruelheide 2005b). Because the various life cycle transitions are not independent of each 
other and may be density-dependent, for a thorough understanding of demographic 
differences between central and peripheral populations, ideally the complete life cycle of a 
species should be understood and integrated into a population model (Angert 2006). However, 
this has been rarely done. Of the life cycle processes that determine the population dynamics 
and density of a plant species, plant reproduction has received the greatest attention. In most 
studies, reduced sexual reproduction in peripheral populations of plants has been observed 
(Pigott & Huntley 1981, Reinartz 1984, Eckert & Barret 1993, García et al. 2000, Dorken & 
Eckert 2001, Jump & Woodward 2003, Angert 2006, Samis & Eckert 2007), but the pattern is 
not universal (Angert 2006, Samis & Eckert 2007).  
The ACM predicts that peripheral populations tend to exhibit higher temporal variability in 
population size and empirical observations partly support this (Lawton 1993, Curnutt et al. 
1996, Nantel & Gagnon 1999, Vucetich & Waite 2003). However, it has also been suggested 
that central populations may show greater variability of demographic rates if intrinsic rates of 
increase are higher (Williams et al. 2003). The very few studies on plants that have compared 
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the demography of central and peripheral populations do not allow general conclusions, 
because their results are conflicting. In a study of two perennial plants, Nantel & Gagnon 
(1999) reported greater variability of demographic rates in peripheral populations of 
Helianthus divaricatus and Rhus aromatica, and Volis et al. (2002) found lower growth in 
peripheral populations of Hordeum spontaneum. In contrast, growth rates were highest in 
peripheral populations of two species of Ulex (Stokes et al. 2004), similar population growth 
rates in both population types were found in Cypripedium calceolus (García 2010) and the 
temporal variation of transitions was lower in peripheral populations of the annual Hornungia 
petraea (Kluth & Bruelheide 2005b). In a study of two species of Mimulus, survival in 
peripheral populations was higher in one of the species and lower in the other (Angert 2006). 
Recently, Jongejans et al. (2010) have criticised that hardly any studies on plant demography 
have investigated populations at more than one site in different regions. In their study of three 
species of Asteraceae they found variation in life histories over the distribution range of the 
species. 
 
Molecular genetic diversity within and among central and peripheral populations 
The greater isolation and smaller size of peripheral populations, as predicted by the ACM, 
should lead to less gene flow among populations and stronger genetic drift, resulting in higher 
differentiation among populations and lower within-population genetic diversity in peripheral 
regions (Lesica & Allendorf 1995, Leimu et al. 2006, Eckert et al. 2008). In plants, lower 
molecular genetic variation in peripheral populations has been found, for instance, in Geum 
triflorum (Hamilton & Eckert 2007) and Juncus atratus (Michalski & Durka 2007). However, 
while genetic differentiation in peripheral populations of G. triflorum was higher, it was 
actually lower in Viola ssp. (Eckstein et al. 2006). Isolated peripheral populations of Lloydia 
serotina in Wales contained similar levels of genetic variation as central populations in the 
Alps (Jones et al. 2001). In a recent study genetic diversity was also similar in peripheral and 
central populations of the steppe grass Stipa capillata (Wagner et al. 2011). A recent review 
(Eckert et al. 2008) concluded that most of the available studies detected the expected decline 
in neutral genetic diversity and also found increased differentiation, but that this supposition 
was still poorly tested. Moreover, little is known about to what extent patterns of population 
genetic diversity are shaped by past climate driven range dynamics rather than by recent 
stochastic processes (Hewitt 2004, Hampe & Petit 2005). 
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The variation in population genetic diversity and differentiation across the entire range of a 
species will be affected by both historical and contemporary effective population sizes and 
gene flow (Vucetich & Waite 2003, Hamilton & Eckert 2007). By definition, historical 
factors influenced the population genetic structure of a species in the past and do not affect it 
in the present, but the genetic pattern influenced by them may still be reflected in 
contemporary populations (Vucetich & Waite 2003, Yakimowski & Eckert 2008). Important 
historical factors are, for example, range fragmentations due to glaciation and subsequent 
founder events during postglacial range expansion (Schönswetter et al. 2003, Meeus et al. 
2012), or habitat fragmentation due to human activities in past centuries (Gibbs 2001, Storfer 
et al. 2007, Zhang et al. 2012). In contrast, contemporary factors affect currently the 
distribution of genetic diversity. The current population size and features of the demography 
of populations that influence effective population size or obstruct current gene flow 
(Yakimoswski & Eckert 2008) are examples for contemporary factors. However, most of the 
studies (81%) that have compared the genetic structure of peripheral and central populations 
did not take population size into account (Eckert et al. 2008) and few have tried to distinguish 
between possible historical and contemporary effects on population genetic diversity and 
structure (Lönn & Prentice 2002, Vucetich & Waite 2003, Hamilton & Eckert 2007, Meeus et 
al. 2012). 
 
Quantitative genetic diversity within and among central and peripheral populations 
Peripheral populations are often the focus of conservation efforts, because they frequently are 
the only representatives of a species within political boundaries (Hamilton & Eckert 2007). 
However, the conservation value of peripheral populations has been a matter of debate 
(Lesica & Allendorf 1992, 1995, Van Rossum et al. 2003, Sexton et al. 2011). Because of 
stochastic loss of genetic variation, such populations may have low evolutionary potential 
(Lesica & Allendorf 1995, Vucetich & Waite 2003, Eckert et al. 2008), and because of their 
small size may be more strongly threatened by random environmental fluctuations (Matthies 
et al. 2004). It has therefore been argued that conservation efforts should be concentrated on 
large populations which are mostly situated in the centre of a distribution (Lesica & Allendorf 
1995). On the other hand, selection regimes in peripheral populations are likely to be different 
from those in central populations and together with reduced gene flow this will lead to rapid 
genetic divergence and local adaptation in peripheral populations. It has thus been considered 
by some authors that peripheral rather than central populations harbour the bulk of a species’ 
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genetic diversity (e.g. Petit et al. 2003, Hewitt 2004, Hampe & Petit 2005). Peripheral 
populations may harbour important adaptations (Lenormand 2002), may facilitate shifts in the 
geographical distribution of a species in response to climate change (Etterson & Shaw 2001, 
Kramer & Havens 2009), and may even be considered essential for the survival of a species 
(Safriel et al. 1994). In particular, disjunct populations, i.e. peripheral populations which are 
situated well outside the core of a species’ distribution, may have a unique gene pool 
(Hamilton & Eckert 2007). 
Previous comparisons of the genetic diversity of central and peripheral populations have 
almost exclusively been concerned with variation in molecular markers and there has been 
little effort to test whether the geographical trends in putatively neutral variation are reflected 
by quantitative trait variation, which is likely to influence the adaptive potential of 
populations (Eckert et al. 2008, but see Volis et al. 1998). Moreover, little is known about the 
distribution of quantitative genetic variation within and among peripheral populations. 
Molecular and quantitative genetic variation are often only weakly correlated, because in 
contrast to variation in molecular markers which is supposed to be only influenced by drift, 
quantitative traits are usually also under selection (Volis et al. 2005, Leinonen et al. 2008). 
The role of selection as compared to drift for population differentiation can be assessed by a 
comparison between FST-values (or PhiST-values, Peakall & Smouse 2005, Edelaar et al. 
2011) and their equivalent for quantitative traits that are under selection (QST-values) 
(Steinger et al. 2002, Volis et al. 2005, Leinonen et al. 2008). There are three outcomes of 
such a study: (1) If QST > FST, this is commonly interpreted as evidence for divergent 
selection and adaptation to local environments; (2) if QST and FST are similar, genetic drift 
alone is thought to be sufficient for explaining the observed genetic differentiation; (3) if QST 
< FST, this is interpreted as indicating convergent selection that favours the same genotypes at 
different sites (Volis et al. 2005). A recent review concluded that QST-values are on average 
higher than FST-values, suggesting an important role for natural selection as a cause of 
population differentiation in quantitative traits (Leinonen et al. 2008).  
Successful species conservation depends on protecting the genetic variability of a species. 
Large-scale genetic comparisons of peripheral vs. central populations are needed to evaluate 
fundamental predictions of evolutionary theory as well as the conservation value of peripheral 
populations (Hamilton & Eckert 2007). These studies should be combined with investigations 
of population size, density and dynamics to assess the importance of recent vs. historic 
processes for the patterns observed, and identify potential threats to peripheral populations 
(Sagarin & Gaines 2002, Angert 2006, Hamilton & Eckert 2007). In Germany, many plant 
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species reach the limit of their distribution and plants with peripheral populations make up a 
considerable part of the red data lists. 
 
Study species 
Carduus defloratus L. (Asteraceae) is a common species of rocks and in meadows on 
calcareous substrates in the Alps, but also occurs further north in the Swiss Jura and in 
Germany in several low mountain ranges (Fig. 1). Because of its disjunct distribution, its cold 
tolerance and its virtual restriction to permanently treeless habitats C. defloratus is considered 
to be an ice-age relict in Central Europe outside of the Alps (Lange 1996). Its pattern of 
distribution makes C. defloratus particularly suitable for testing the predictions of the ACM, 
because it is possible to investigate populations along a central-peripheral gradient, which 
avoids the problems inherent in comparing just a few central and peripheral populations 
(Eckert et al. 2008). 
C. defloratus is insect-pollinated, but at least partially self-compatible, which should promote 
strong differentiation among populations (Hamrick & Godt 1996). C. defloratus is not yet 
considered to be threatened, but is included in the advance warning list of the states of Hesse 
(Buttler et al. 1997) and Baden-Württemberg (Breunig & Demuth 1999). 
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Figure 1. Map of the distribution of Carduus defloratus ssp. defloratus in Central Europe 
(after Meusel & Jäger 1992). The distribution area is bounded by the black line. 
 
C. defloratus is a clonal herbaceous rosette plant. Genets spread by rhizomes which produce 
vegetative rosettes and flowering ramets. Ramets produce typical 1 or 2 rosettes, but 
sometimes more than 5 (Fig. 2). Due to its clonal growth, genets of C. defloratus are 
potentially immortal and for our study we considered ramets as individual plants. Plants 
flower from June to October, depending on altitude. An inflorescence (capitulum) may 
produce up to 200 flowers, which are insect-pollinated, partially self-compatible, but rarely 
autogamous. The achenes, hereafter called seeds, possess a pappus, but because of their large 
size (2 mg) their dispersal is very limited. In the related species C. nutans and C. acanthoides 
dispersal is usually less than 5 m (Skarpaas & Shea 2007).  
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Figure 2. Carduus defloratus growing in different types of habitat. (a) Plant consisting of a 
single rosette in a shaded habitat (b) Plant with several rosettes in an open, rocky habitat. 
 
OUTLINE OF THE THESIS 
Chapter 2 "Abundance, reproduction and seed predation of an alpine plant decrease from 
the centre towards the range limit" investigates the abundance of C. defloratus and several 
fitness related plant traits within 66 populations along an environmental gradient from the 
Alps in the south (central populations) towards the northern low altitudinal range limit 
(peripheral populations) of the species. This central-peripheral gradient was also a gradient of 
latitude (615 km) and altitude (342 - 2300 m). Because of the strong correlation between 
latitude and altitude (r = -0.80), both variables were combined into a single principle 
component (“centrality”). The influence of centrality, longitude and other potential variables 
of influence on population size, plant density, plant size, seed production, seed abortion, and 
seed predation, and fluctuating asymmetry of the leaves is analysed by multiple regression.  
Chapter 3 "Central and peripheral populations of Carduus defloratus differ in their 
demography" deals with the demographic basis of the geographic variation in population size 
and fitness related plant traits and reproduction that were studied in Chapter 2. Moreover, it 
investigates the extinction risk of peripheral and central populations. Over four years, 
demographic data were collected in 14 populations of C. defloratus that are a subset of the 
populations studied in Chapter 2. Results based on comparative analyses of matrix models of 
peripheral and central populations and on multiple regression analyses are presented.  
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Chapter 4 "Genetic patterns of an alpine plant across its Central European distribution are 
in line with the predictions of the abundant centre model" studies the consequences of range 
position and population size on molecular genetic diversity within and genetic differentiation 
between populations across the distribution of C. defloratus. The 66 populations studied in 
Chapter 2 are complemented by a further 12 populations to investigate the influence of gene 
flow and random genetic drift on molecular genetic diversity of AFLP-markers within and 
among 78 populations from the Alps towards the northern range limit of C. defloratus. 
Chapter 5 "Diversity and differentiation in quantitative traits of populations of an alpine 
plant varies along environmental gradients" is concerned with the quantitative genetic 
diversity and structure and its possible determinants in populations of C. defloratus. The study 
includes offspring from 32 populations (a subset of those studied in Chapter 2, and 4) that 
were grown up under standard conditions in the common garden of Marburg. To evaluate the 
role of selection compared to drift the quantitative genetic differentiation between populations 
based on 14 vegetative and reproductive plant traits are compared with the mean molecular 
genetic differentiation among populations. Moreover, trait means are related to environmental 
gradients as an alternative method to detect divergent selection.  
 
  
CHAPTER 2 
 
Abundance, reproduction, and seed predation 
of an alpine plant decrease from the centre 
towards the range limit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
published in Ecology, 93, 2253-2262 (2012) 
with Diethart Matthies 
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ABSTRACT 
Biogeographic models predict that because of increasingly unfavourable and stressful 
conditions populations become less frequent, smaller, less dense, and less reproductive 
towards the range edges. These models have greatly influenced the thinking on geographical 
range limits and have broad implications for ecology, evolution, and conservation. However, 
empirical tests of the models have rarely investigated comprehensive sets of population 
properties. We studied population size and density and a broad set of fitness-related traits in 
66 populations of the alpine thistle Carduus defloratus along a latitudinal (615 km) and 
altitudinal (2300 - 342 m) gradient from the European Alps in the south to the northern range 
limit in the low mountain ranges of central Germany. Regression analysis indicated that 
population size and plant density declined with decreasing altitude from the centre to the 
range margin, but plant size increased. In spite of the larger size of plants, the number of 
seeds produced strongly declined towards the range margin, mainly due to an increase in seed 
abortion. The number of flowering plants in a population influenced all components of 
reproduction. Plants in large populations initiated more seeds, aborted less seeds, and 
produced more and larger seeds per plant. The probability that seeds were attacked by insect 
larvae and the proportion of seeds damaged decreased strongly from the censer to the margin 
of the distribution. However, in spite of the much lower level of parasitisation, plants at the 
range margin produced far less viable seeds. Fluctuating asymmetry of leaf width, an 
indicator of developmental instability, was similar across the range and not related to 
population size.  
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INTRODUCTION 
The "abundant centre model" (ACM) of biogeography predicts that the favourability of 
habitat conditions declines from the centre to the margin of the distribution of a species. 
Because of less suitable conditions for growth and survival, plant populations at the periphery 
should be smaller, less dense, and less frequent than in the centre and produce less seeds 
(Brown 1984, Lawton 1993, Sagarin & Gaines 2002, Jump & Woodward 2003). The ACM 
has greatly influenced the discussion on geographical ranges and has broad implications for 
ecology, evolution, and conservation (Lawton 1993, Sagarin & Gaines 2002, Samis & Eckert 
2007). However, reviews of empirical studies on various groups of organisms concluded that 
there was only partial support for the predictions of the ACM with regard to patterns of 
abundance (Sagarin & Gaines 2002, Sexton et al. 2009). However, it has been suggested that 
methodological problems may have contributed to this lack of support, as many studies did 
not sample populations from the full range of a species, but instead only compared a few 
peripheral with a few central populations. In particular, the range edges were severely 
underrepresented (Sagarin & Gaines 2002, Samis & Eckert 2007, Sexton et al. 2009). 
Moreover, studies on plants were underrepresented, and rarely have all components of the life 
cycle been investigated. Gaston (2009) has recently argued that it is necessary to differentiate 
between an "abundant-centre" hypothesis, which predicts that abundance declines 
continuously from the core to the periphery of a geographic range, and a "rare-periphery" 
hypothesis that predicts that abundance is low at the range limit with no wider pattern. These 
two hypotheses can only be tested by studying populations across the distributional range. 
The aim of our study was to test the predictions of the ACM along a gradient from the core to 
the periphery of a plant's distribution, using a comprehensive set of fitness-related traits.  
The ACM predicts that reproduction increases with abundance and is highest in the centre 
(Jump & Woodward 2003). In peripheral plant populations resource limitation and harsh 
abiotic conditions may prevent seed ripening (Pigott & Huntley 1981, Reinartz 1984). 
Furthermore, as peripheral populations are predicted to be smaller, reproduction may be 
pollen limited as small, sparse and isolated populations may not be attractive to pollinators 
(Sih & Balthus 1987, Groom 1998). In small populations, genetic erosion, i.e. the combined 
effects of increased inbreeding and genetic drift may also negatively affect reproduction 
(Fischer & Matthies 1998a, Keller & Waller 2002, Griffin & Eckert 2003). Patterns of seed 
production along a gradient from the centre to the range limit may be complicated by the fact 
that individual plant size and reproduction is frequently density-dependent (Kluth & 
Bruelheide 2005a, Samis & Eckert 2007), and that plants may be adapted to conditions at the 
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range margin (Gaston 2003). The ACM predicts both higher density and reproduction at the 
distribution centre, but negative density-dependence might result in reduced individual 
reproduction where a plant is most abundant.  
The negative influence of small population size and low plant density on the reproductive 
success of peripheral plant populations may be alleviated by reduced predation of seeds, as 
populations of specialized seed predators also face a higher risk of extinction in small 
populations and isolated peripheral plant populations may escape detection by specialist 
natural enemies (Alexander et al. 2007, Holt & Barfield 2009). Reduced seed predation has 
been found to mask in some plant species the negative effects of pollen limitation or genetic 
erosion on reproduction in small populations (Kéry et al. 2001, Colling et al. 2004). However, 
there are hardly any studies on the effects of range position on seed predation (but see García 
et al. 2000, Alexander et al. 2007).  
Stressful conditions and increased inbreeding in peripheral populations may increase 
developmental instability (Siikamäki & Lammi 1998). An often used measurement of 
developmental instability is fluctuating asymmetry (FA), the nondirectional deviation from 
perfect symmetry (Palmer & Strobeck 1986). At the range periphery, both environmental and 
genetic stress factors may together lead to increased levels of FA (Siikamäki & Lammi 1998, 
Cornelissen & Stiling 2010).  
Most studies have investigated patterns of abundance along latitudinal gradients. However, 
the highest abundances of a plant species have been typically found at intermediate altitudes 
within the elevational range and populations growing at the lower and upper elevation limit 
occur under ecologically marginal conditions. This view leads to the conclusion that variation 
in abundance along altitudinal gradients is simply a particular case of an abundant centre 
distribution (Herrera & Bazaga 2008). While studies of the effects of altitudinal range 
position may provide another test of the ACM, such studies are very rare (but see Angert & 
Schemske 2005, Angert 2006, Herrera & Bazaga 2008).  
We studied population size, plant density and size, reproduction, pre-dispersal seed predation, 
seed germination and fluctuating asymmetry in 66 populations of the alpine thistle Carduus 
defloratus L. (Asteraceae) along a latitudinal and altitudinal gradient from the high mountain 
range of the European Alps in the south to the northern and low altitudinal range limit of the 
species in the central German low mountain ranges. Temperature gradients due to latitude and 
due to altitude are thus negatively related for this species. We asked the following questions: 
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(1) Do abundance, plant size, reproduction and seed predation decrease towards the range 
limit? (2) Does fluctuating asymmetry increase towards the range limit? 
 
MATERIAL AND METHODS 
Study species 
C. defloratus is a European species with a large altitudinal range (300-2600 m; Landolt 2003) 
and a distribution in central Europe from the Alps to the central German low mountain ranges 
(Fig. 1). It also occurs south of the Alps in Italian Appenines, farther southwest in the 
Pyrenees, and farther east in the Tatra mountains (Meusel & Jäger 1992). In the Alps C. 
defloratus is a common species of alpine grassland and on rocks at higher altitudes, where it 
covers large, continuous areas. In contrast, towards the northern range limit the species 
becomes increasingly rare and restricted to rocks, cliffs, and open woodlands where trees are 
scarce, but partially shading the populations.  
C. defloratus is a long-lived herbaceous rosette plant that produces inflorescences of up to 
100 cm. The plants flower from June to October and produce capitula that consist of up to 200 
purple, protandrous florets. Flowers are insect-pollinated, at least partially self-compatible, 
but rarely autogamous. The achenes, hereafter called seeds, possess a pappus and are 
dispersed by wind, but because of their large mass (2 mg) they are poorly dispersed. In the 
related species C. nutans and C. acanthoides dispersal is usually less than 5 m (Skarpaas & 
Shea 2007).  
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Figure 1. Map of the distribution of the alpine thistle Carduus defloratus ssp. defloratus in 
Central Europe (after Meusel & Jäger 1992). The distribution area is bounded by the irregular 
black line. The circles indicate the location of the 66 studied populations. Gray dots indicate 
the location of the 45 study populations from which seeds were available; red dots indicate the 
21 populations from which no seeds were available. 
 
Data collection 
In summer 2006, 66 populations of C. defloratus were studied across the range of the species 
in Central Europe. The geographical distance between the southernmost and northernmost 
population was 615 km (see Fig. 1). However, the latitudinal gradient was also an altitudinal 
gradient, as in Central Europe elevation declines from the Alps towards the North German 
Plain. The field survey included all accessible populations at the northern low elevation range 
limit, a sample of those in the more southern low mountain ranges of Germany, and a sample 
of populations from different altitudes in the centre of the distribution of the species in the 
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Swiss Jura mountains and the Alps. In this system, the effects of temperature due to the 
gradient in latitude and those due to the gradient in altitude are negatively related. We did not 
study populations south of the Alps towards the southern range limit. The altitudinal range of 
the populations sampled was 342 - 2300 m. However, we did not sample populations at the 
upper altitudinal limit, because those were considered to be ecologically marginal and were 
difficult to locate. Also, an even sampling in the Alps was not possible due to the large 
number of populations. 
The longitude, latitude, and altitude of each population were determined with a GPS. To study 
the microhabitat requirements of C. defloratus, we randomly selected 2 - 5 plots of 1 x 1 m in 
the densest part of each population. In each plot we estimated the total cover of vegetation, 
counted the number of flowering and non-flowering C. defloratus plants and measured the 
length of the longest rosette leaf of each plant as a measure of plant size. The height and the 
number of capitula were recorded for each flowering individual. Population size was 
determined as the number of flowering plants.  
To analyze the relationship between fluctuating asymmetry (as an indicator of environmental 
stress) and range position, we sampled one fully developed rosette leaf from ten individuals 
per population, dried them between sheets of paper, and scanned them. From the scanned 
images the total area of the leaves and that of their left and right half were determined with 
the ImageJ 1.40 software (Rasband 2008). Fluctuating asymmetry (FA) was calculated as the 
absolute difference between the area of the left and right leaf halves, divided by the total leaf 
area. A relative measure of FA was used because FA increased with leaf size (Palmer & 
Strobeck 1986). 
Ripe fruitheads were available in a subset of 45 populations, and 776 fruitheads were sampled 
from 10-15 plants in each population. In the laboratory, the capitula were dissected and the 
number of ripe seeds, aborted seeds, and of seeds destroyed by insects were counted. Three 
types of seeds could be clearly distinguished: healthy, viable seeds were hard and light brown, 
aborted seeds were much smaller and darker, and seeds attacked by insects had small holes. 
Aborted seeds had a much smaller mass than healthy filled seeds (0.83 mg vs. 2.06 mg). 
Prepupae or pupae of fruit flies (Tephritidae) were removed from dissected flowerheads, 
placed in Petri dishes, reared, and identified. In May 2007, the viable seeds from each plant 
(usually 20-40) were randomly distributed among two Petri dishes, placed on moist filter 
paper and stored at 20 oC. For each population, on average more than 300 seeds and overall 
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more than 14500 seeds were used in the experiment. Three weeks later the number of 
germinated seeds was counted in each Petri dish.  
 
Statistical analysis 
This study investigates population and plant properties along a cline from the centre of the 
distribution of C. defloratus in the Alps to the northern range limit. Latitude is thus a good 
proxy for the distance from the geographical centre of the species’ distribution and has often 
been used for other species (Jump & Woodward 2003). However, there were also strong 
differences in the altitude of the studied populations, and the northern populations are at the 
lower limit of the altitudinal range. Because latitude and altitude of the populations were 
strongly negatively correlated (r = -0.80), we used principle component analysis to reduce the 
two geographical variables to a single principle component. This component (eigenvalue 
1.73) explained 86% of the variation in latitude and altitude and increased from the north to 
the south and with altitude, and is thus a proxy for the centrality of a population. To 
investigate changes in climatic conditions along the gradient from the centre to the range 
margin, we extracted data (grid solution 1 km) on mean annual temperature and annual 
precipitation for the populations from the WorldClim database (Hijmans et al. 2005) and 
related them to the centrality factor. Mean annual temperature decreased (r = -0.81) and 
annual precipitation increased strongly (r = 0.91) with centrality. 
We investigated the relationship between population characteristics, population size, plant 
density, centrality, and vegetation cover by multiple regressions. We calculated regressions 
with all possible combinations of explanatory variables and used the Bayesian information 
criterion (BIC) to measure the strength of evidence for each candidate model. We preferred 
the BIC over the Akaike information criterion, because it favours models with less parameters 
(Burnham & Anderson 2002). In the results we present the models with the lowest BIC. 
Population size, plant density and the proportion of seeds damaged by insects were log-
transformed prior to analysis to achieve normally distributed residuals and homogeneity of 
variances. In the model for population size, plant density was not included and in the model 
for plant density, population size was not included, because we did not see them as 
explanatory variables for each other. 
Relationships between variables were illustrated by simple regression plots in the case of a 
single significant explanatory variable, and by partial regression plots if several explanatory 
variables were significant. Partial regression plots show the effect of an explanatory variable 
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after removing the effects of the other predictors and thus adequately present the results of 
multiple regression analyses (Moya-Laraño & Corcobado 2008). All statistical analyses were 
carried out with SPSS 15.0 (SPSS Inc., Chicago, USA). 
 
RESULTS 
Multiple regression analysis indicated that of the explanatory variables only centrality 
influenced population size and density independently of the other variables (Table 1, Fig. 
2a,b). Both population size and density increased from the periphery to the centre of the 
distribution.  
Table 1. The effects of geographic position within the distributional range (centrality factor) 
and population characteristics on population size and density, and the mean size of plants in 
66 populations of the alpine thistle Carduus defloratus in Central Europe.  
Dependent variable r2 df F Explanatory variable β t 
Log population size 0.11 64 7.49** Centrality 0.32  2.74** 
Log plant density 0.23 64 18.62*** Centrality 0.48  4.32*** 
Plant height 0.44 63 25.09*** Log plant density -0.41 -3.87*** 
    Centrality -0.36 -3.39** 
Leaf length 0.56 63 40.31*** Centrality -0.45 -4.74*** 
    Log plant density -0.42 -4.47*** 
Notes: Models are presented for which the Bayesian information criterion is minimal. 
Potential explanatory variables for plant height and leaf length were population size and 
density, centrality, and vegetation cover; for population size and density, only centrality and 
vegetation cover. ** p < 0.01; *** p < 0.001. 
 
Plant size measured as height and the length of the longest leaf decreased with centrality and 
with plant density, suggesting competition among individuals of C. defloratus in high density 
populations (Table 1, Fig. 2c-f). Fluctuating asymmetry (FA) of leaf width was not 
significantly influenced by centrality or any of the other variables, thus providing no evidence 
for different levels of stress in central and peripheral populations.  
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Figure 2. Relationships between (a) the size of populations, (b) population density, (c,d) plant 
height, and (e,f) leaf length of Carduus defloratus in Central Europe and significant 
explanatory variables. The centrality factor combines altitude and latitude and indicates the 
geographic position of C. defloratus populations within the distributional range. Shown are 
regression plots (a,b) in the case of single explanatory variables and (c-f) partial regression 
plots in the case of several significant explanatory variables. For statistical analysis see Table 
1. 
 
Range position and population size were the main independent influences on the reproduction 
of C. defloratus (Table 2). While the number of capitula produced per flowering plant was not 
influenced by any of the studied variables, large populations of C. defloratus initiated far 
more seeds per capitulum than small populations (Fig. 3). The number of filled, ripe seeds per 
capitulum increased with centrality and population size (Tab. 2). This was mainly due to a 
decrease in seed abortion (Fig. 4a,b), which explained 69% of the variation in the number of 
filled seeds.  
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Table 2. The effects of geographic position within the range of the species (centrality factor) 
and population characteristics on reproductive traits in populations of Carduus defloratus in 
Central Europe.  
Dependent variable r2 df F Explanatory variable β t 
Seeds initiated per 
capitulum 
0.44 43 34.19*** Log population size 0.67  5.85*** 
Proportion of 
aborted seeds 
0.54 42 24.75*** Centrality -0.63 -5.92***
    Log population size -0.27 -2.50* 
Filled seeds per 
capitulum 
0.60 42 31.46*** Centrality 0.52  5.25*** 
    Log population size 0.47  4.74*** 
Log proportion of 
seeds damaged 
0.44 20 15.46*** Centrality 0.66  3.93*** 
Viable seeds per 
plant 
0.52 41 14.62*** Log population size 0.62  5.14*** 
    Centrality 0.42  3.56*** 
    Log plant density -0.25 -1.96 
Mean mass of a seed 0.25 41   6.79** Log population size 0.55  3.19*** 
    Log plant density -0.26 -1.72 
Notes: Models are presented for which the Bayesian information criterion is minimal. 
Potential explanatory variables were population size and density, centrality, and vegetation 
cover. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 3. The relationship between the mean number of initiated seeds per captitulum in a 
population of Carduus defloratus and population size.  
 
 
RANGE POSITION AND POPULATION PROPERTIES  23 
 
(c)
Centrality
-2 -1 0 1 2
P
ro
pa
bi
lit
y 
of
 d
am
ag
e
0.0
0.2
0.4
0.6
0.8
1.0
Peripheral Central
Chi2 = 19.3
p < 0.001
Centrality, residuals
-2 -1 0 1 2
A
bo
rte
d 
se
ed
s,
 re
si
du
al
s
-60
-40
-20
0
20
40
Peripheral Central
(a)
Population size, residuals
-1 0 1
A
bo
rte
d 
se
ed
s,
 re
si
du
al
s
-30
-20
-10
0
10
20
30
40
(b)
Centrality
-2 -1 0 1 2
P
ro
po
rti
on
 o
f d
am
ag
ed
 s
ee
ds
 (%
)
1
10
20
40
60 r = 0.66
p < 0.001
(d)
Peripheral Central
 
Figure 4. The relationship between (a) the proportion of aborted seeds and the geographic 
position of Carduus defloratus populations within its distributional range (centrality), (b) the 
proportion of aborted seeds and the size of a population, (c) the probability that at least one 
seed is damaged and centrality, and (d) the proportion of damaged seeds (note logarithmic 
scale) and centrality. The partial regression plots (a, b) show the influence of an explanatory 
variable after partialing out the effects of the other variable in the multiple regression model. 
For statistical analysis see Table 2. 
 
In many populations of C. defloratus the fruitheads were attacked by a variety of insect 
parasites, in particular Tephritidae (Tephritis hyoscyami, L; Terellia serratulae, L.; Urophora 
solstitialis, L.; Xyphosia miliaria, L.) whose larvae fed on the developing seeds. Pre-dispersal 
seed predation varied strongly among populations from 0% - 35% of the seeds. Binary 
logistic regression analysis indicated that the probability that seeds were damaged at all 
increased significantly with centrality (Fig. 4c). The proportion of seeds damaged by insect 
larvae was also higher in central than in peripheral populations (Tab. 2, Fig. 4d). However, in 
spite of the much higher level of parasitisation, central plants produced more viable seeds. 
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Seed production increased also with the size of a population. In contrast to seed number, seed 
quality in terms of the mean mass of a seed was not significantly influenced by centrality. 
However, seed mass was higher in large than in small populations (Fig. 5). Seed germination 
was not influenced by any of the explanatory variables (p > 0.05). 
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Figure 5. Partial regression plot of the relationship between mean seed mass of a seed and 
population size, partialing out the effect of plant density.  
 
DISCUSSION 
As in many other studies (Carey et al. 1995, Siikamäki & Lammi 1998, Durka 1999, Busch 
2005, Yakimowski & Eckert 2007; but see Herlihy & Eckert 2005), peripheral populations of 
C. defloratus were smaller than central ones. In line with the predictions of the ACM, they 
were also less dense. This is in contrast to the results of most previous studies that found no 
differences in plant density between population types (Ribeiro & Fernandes 2000, Jump and 
Woodward 2003, Herlihy & Eckert 2005, Samis & Eckert 2007) or even higher densities at 
the range periphery (Kluth & Bruelheide 2005b, Yakimowski & Eckert 2007).  
Contrary to the predictions of the ACM, the size of the plants of C. defloratus in terms of both 
height and leaf size was lower in central populations. This is likely a consequence of the fact 
that central populations of C. defloratus grow at higher altitudes than peripheral populations. 
A similar decrease of size with altitude has been found in many plant species (Woodward 
1986). Altitude is a complex ecological gradient associated with a decrease in temperature 
and shorter growing season (Körner 2007), reduced soil nutrient concentrations (Väre et al. 
1997), and increased precipitation in temperate regions (Körner 2007). Reduced partial 
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pressure of CO2 may result in reduced photosynthesis and consequently in reduced plant 
growth and productivity at higher altitudes (Hodkinson 2005). 
Reproduction of C. defloratus plants was much higher in central than in peripheral 
populations, supporting the predictions of the ACM, although plants were smaller. This was 
due to both a higher number of seeds initiated and reduced abortion of seeds. The lower 
reproduction in peripheral populations could be due to resource (De Jong & Klinkhamer 
1989) or pollen limitation (Ågren 1996, Kearns et al. 1998). As plants in peripheral 
populations were larger, overall resource limitation is not a likely explanation for reduced 
reproduction. However, we cannot exclude negative effects of low water availability during 
seed development in the peripheral populations that grow on exposed rocks or in dry and open 
woodlands. Alternatively, seed production in peripheral populations may be limited by pollen 
quantity and quality. Populations that are small and isolated, as are many of the peripheral 
populations of C. defloratus, are often less attractive to pollinators (Byers 1995, Groom 1998) 
and have higher levels of inbreeding and reduced genetic variation (Ellstrand & Elam 1993, 
Fischer & Matthies 1998b, De Vere et al. 2009). In peripheral populations this could result in 
a low number of ovules fertilised (i.e. seeds initiated) and high levels of abortion due to early 
inbreeding depression after selfing or crossings between closely related plants (Fischer & 
Matthies 1998a, Colling & Matthies 2004). The importance of population size as a factor 
affecting reproduction in C. defloratus is also shown by the positive relationship between seed 
mass and population size.  
Although reproduction in peripheral populations was much lower than in central ones, it is not 
known whether reduced reproduction results in lower population growth rates and contributes 
to the smaller size of peripheral populations. In long-lived species like C. defloratus, 
population growth rates are frequently rather insensitive to variations in seed production 
(Silvertown et al. 1993, Colling & Matthies 2006). However, in the medium term, lower 
reproduction may reduce the chance to colonize unoccupied habitat patches and thus 
contribute to regional rarity (Hanski & Gilpin 1991, Kéry et al. 2000). 
Density-dependence of performance can result in reduced mean performance where 
conditions are most suitable (Samis & Eckert 2007). In C. defloratus, there was evidence for 
negative density effects on plant size and reproduction, but individual seed production was 
nevertheless much higher in the denser central populations, because density effects were more 
than compensated by the positive effects of centrality and increased population size. Higher 
reproduction in central plant populations is predicted by the ACM, but empirical evidence has 
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been conflicting. While for some species the predicted higher reproduction has been found 
(Decodon verticillatus, Dorken & Eckert 2001; Cirsium acaule and C. heterophyllum, Jump 
& Woodward 2003; Juniperus communis, García et al. 2000; Mimulus lewisii, Angert 2006), 
in others the position of populations within the range of the species did not influence seed 
production (Lactuca serriola, Carter & Prince 1985; Cirsium arvense, Jump & Woodward 
2003; Aquilegia canadensis, Herlihy & Eckert 2005; Hornungia petraea, Kluth & Bruelheide 
2005a), and even lower seed production in central populations has been observed (Mimulus 
cardinalis, Angert 2006). 
The same mechanisms that may increase pollination and thus seed production in central 
populations at higher altitudes may also be responsible for the observed much higher levels of 
pre-dispersal seed predation in the centre of the distribution of C. defloratus. Most of the 
peripheral, but hardly any of the central populations escaped seed predation completely, 
indicating that the smaller, more isolated and less dense peripheral populations are less likely 
to be found by specialized insect seed predators and sustain viable populations of them. Such 
reductions of seed predation in small populations have been observed in several plant species 
(Eber & Brandl 1996, Ehlers & Olsen 2003, Colling & Matthies 2004).  
Very few studies have compared seed predation in central and peripheral populations. As in 
C. defloratus, seed predation was lower in peripheral populations of Juniperus communis 
(García et al. 2000) and Carex blanda (Alexander et al. 2007), while there was no influence of 
range position on three species of Cirsium in Britain (Jump & Woodward 2003). However, in 
all those studies no information about population sizes was provided.  
The higher reproduction of central, high altitude populations observed in C. defloratus is in 
contrast to the pattern observed in most other plants whose reproduction declines with altitude 
(Molau et al. 1989, Kelly 1998, Lord & Kelly 1999, Angert 2006). It has been suggested that 
this is due to pollination limitation because of reduced pollinator diversity and abundance at 
high altitudes (Totland 1993, Hodkinson 2005). The strong increase in seed production of C. 
defloratus with centrality indicates that these effects may be more than compensated by the 
higher attractiveness of the larger and denser central populations of C. defloratus for 
pollinators.  
Like reproduction, pre-dispersal seed predation has been found to decrease with altitude in 
most plants studied (Molau et al. 1989, Spence 1990, Kelly 1998, Giménez-Benavides et al. 
2008) and has been attributed to negative effects of harsher climatic conditions on insects and 
to smaller and less dense host plant populations (Alonso 1999, Hodkinson 2005). The 
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contrasting pattern found in C. defloratus can be explained by the increase of the density and 
size of its populations with altitude. Abundance and activity of specialist seed predators may 
depend less on changing climatic conditions along altitudinal gradients than on characteristics 
of the populations of their host plants (Scheidel et al. 2003).  
We hypothesized that because of higher environmental stress and stronger inbreeding 
developmental stability would decrease and fluctuating asymmetry (FA) increase towards the 
range limit. However, in contrast to earlier studies on plants (Siikamäki & Lammi 1998, 
Cornelissen & Stiling 2010) we found no evidence for increasing FA with decreasing distance 
from the centre, and FA was not related to population size. There are several not mutually 
exclusive explanations for these findings: Plants in peripheral populations of C. defloratus 
may not be stressed more than those in central ones, or levels of FA may not be related to 
genetic variation or stress. However, the usefulness of FA as an indicator of genetic or 
environmental stress or reduced fitness is controversial (Vollestad et al. 1999, Tracy et al. 
2003).  
 
CONCLUSIONS 
In conclusion, in C. defloratus the size and frequency of populations, plant density, 
reproduction and recruitment, but also seed predation, declined continuously from the core to 
the periphery of the species’ range, thus supporting the predictions of the ACM, but not the 
alternative rare-periphery hypothesis of Gaston (2009). The lack of support of the ACM in 
other studies has been attributed to density dependence, local adaptation to conditions at the 
range margin, dispersal limitation, and metapopulation dynamics (Gaston 2003, Samis & 
Eckert 2007). In contrast, the strong support of the ACM in C. defloratus indicates that there 
is a strong decline in the suitability of the abiotic conditions and the intensity of biotic 
interactions for the plant from the centre to the range edge. This may be related to the fact that 
we studied populations along a strong gradient in climatic conditions.  
In accordance with the ACM, the results suggest that reduced reproduction at the range edge 
plays a key role for restricting the distribution of C. defloratus at its northern range limit. The 
results indicate that the smaller size and lower density of peripheral populations may have 
both negative effects on reproduction because of pollen limitation and positive effects because 
of lower seed predation. Population size should therefore be taken into account in studies of 
the effect of range position on reproduction. In C. defloratus, strongly reduced reproduction in 
combination with the increasing scarcity of suitable rocky, open habitats and low dispersal 
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availability may restrict the species at its northern range limit. The poleward range limit of 
plant species’ distributions has often been linked to a decrease in temperature (Pigott & 
Huntley 1981, Woodward 1990, Despland & Houle 1997). However, in C. defloratus the 
gradient from the centre to the northern limit of the distribution in Central Europe is a 
gradient of increasing temperature and decreasing precipitation. The northern peripheral 
populations may thus represent a receding edge in the face of climate change (Hampe & Petit 
2005) and become increasingly threatened, but they might also harbour alleles important for 
adaptations of the species to future warmer conditions (Van Rossum et al. 2003, Petit et al. 
2003, Hamilton & Eckert 2007). 
 
  
CHAPTER 3 
 
Central and peripheral populations of Carduus 
defloratus differ in their demography 
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ABSTRACT 
Biogeographic models predict that towards the range limits population growth rates decline, 
while the variability in vital rates and population growth rates and the risk of extinction 
increase. We studied the demography of the clonal plant Carduus defloratus over four years 
in 14 populations along a gradient from the centre of its distribution in the Alps towards the 
northern range margin in the German low mountain ranges. From the centre to the periphery 
altitude and precipitation decrease while latitude and temperature increase. The demographic 
data were analysed using matrix models. Contributions of individual transitions to spatial and 
temporal variation in population growth rates (λ) were studied by elasticity analyses and 
factorial life table response experiment analyses (LTRE). Neither λ, nor the temporal 
variation in λ was related to the range position of populations, but variability in both seedling 
survival and in the transition from vegetative to vegetative ramets increased towards the range 
centre. Most individual demographic transitions and their elasticities were also influenced by 
the range position. Progression of vegetative to flowering and stasis of flowering ramets 
increased, while retrogression of flowering to vegetative and stasis of vegetative ramets 
decreased with centrality. The importance of survival transitions increased and that of growth 
transitions for λ decreased towards the range limit. The LTRE analysis confirmed that similar 
overall growth rates of populations may mask strong differences in the contribution of 
individual transitions to population growth. Transitions found to be important in the LTRE 
were generally the same as identified in the elasticity analysis, indicating that retrospective 
and prospective analyses came to similar results. The strong variation in individual 
demographic transitions and their elasticities among populations of C. defloratus in different 
parts of its range support the view that it is not sufficient to study the demography of a species 
in only one region to characterise its population dynamics. However, the fact that 
demographic features of C. defloratus showed clinal variation related to gradients in centrality 
and thus climate, suggests that it might be possible to predict general demographic features 
for individual populations based on their environment.  
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INTRODUCTION 
The abundant centre model (ACM) predicts that range limits result from increasing 
unfavourable ecological conditions for population growth and survival from a species’ 
distribution centre towards its range margin (Brown 1984). Therefore, populations should 
become less frequent, more isolated, less dense, and should produce less seeds towards their 
range limits (Brown 1984, Lawton 1993, Sagarin & Gaines 2002, Jump & Woodward 2003). 
In contrast to the "abundant-centre" hypothesis that predicts that the abundance of a species 
declines continuously from its centre to the periphery following a geographic range the "rare-
periphery" hypothesis predicts that the abundance is low at the range limit but does not follow 
a wider pattern (Gaston 2009). The underlying mechanisms for a species’ range limit are still 
not well understood and empirical studies on various groups of organisms found only partial 
support for the predictions of the ACM (as reviewed in Sagarin & Gaines 2002, Sexton et al. 
2009). Decreasing population densities and population size from the distribution centre of a 
species towards its range limit must be due to changes in demographic transitions such as 
survival, growth, fecundity, recruitment, or clonal growth (see Nantel & Gagnon 1999 and 
references therein). It has been suggested that the growth rates of populations should be lower 
in peripheral populations and that variation in vital rates and in growth rates should be larger 
at the range limit resulting in higher extinction risks (Nantel & Gagnon 1999, Willi et al. 
2007). Studies analysing continuous patterns of population demographic variables along 
environmental gradients are needed to get a better understanding of the mechanisms shaping 
species’ distributions (Eckert et al. 2008, Gaston 2009, Sexton et al. 2009). 
However, few studies have analysed the demography of peripheral and central plant 
populations in detail, and in most studies less than four populations per type were compared 
(Nantel & Gangnon 1999, Volis et al. 2004, Stokes et al. 2004, Angert 2006, but see Kluth & 
Bruelheide 2005a,b). However, two recent studies (Gerst et al. 2011, Eckhart et al. 2011) used 
a new approach and studied continuous relationships between population growth rates and 
vital rates and range position. In the winter annual Clarkia xantiana stochastic growth rates 
declined among 20 populations towards its range limit, which was explained by a limited 
potential of the species to adapt to changing precipitation and temperature (Eckhart et al. 
2011). In an experimental study of 13 winter annual plants the variance in fecundity, survival 
and multiplicative fitness, but not germination fraction or population density were related to 
geographic distance metrics (Gerst et al. 2011).  
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Stage-structured matrix models provide a powerful tool to reveal critical stages in the life 
cycle of a species and they can be used as the basis for the modelling of population dynamics 
(Hutchings 1991, Menges 1998, Colling & Matthies 2006). Moreover, estimation of the 
extinction risk for populations becomes possible if stochasticity is included in the matrix 
modelling (Brigham & Schwartz 2003). To investigate how very small changes in the vital 
rates would affect population growth (λ) elasticity analysis as a prospective approach can be 
used (De Kroon et al. 1986, De Kroon et al. 2000). This approach can be combined with 
retrospective life table response experiments (LTRE), which quantify the contribution of the 
actual variability in vital rates to the observed variability in lambda (Caswell 2001). 
We studied the ramet demography of the clonal plant Carduus defloratus L. (Asteraceae) over 
four years in 14 populations along a gradient from the distribution centre of the species in the 
Alps towards the northern range limit in the German low mountain ranges. A previous study 
(Chapter 2) found that in line with the predictions of the ACM the size of populations, plant 
density, and reproduction declined from the centre to the range margin. We used stage-
structured matrix models to compare the demography of central and peripheral populations of 
C. defloratus and stochastic simulations to assess their risk of extinction. Our main research 
questions were: (1) Are growth rates and their temporal variation in populations of C. 
defloratus related to their range position? (2) Are demographic transitions and their 
elasticities related to the range position of populations? (3) Which demographic transitions 
contribute most to differences in growth rate between central and peripheral populations? (4) 
Is the extinction risk higher for peripheral than central populations? 
 
MATERIAL AND METHODS 
Study species 
C. defloratus is a clonal herbaceous rosette plant. Genets spread by rhizomes which produce 
vegetative rosettes and flowering ramets. Due to its clonal growth, genets of C. defloratus are 
potentially immortal and for our study we considered ramets as individual plants. Plants 
flower from June to October, depending on altitude. An inflorescence (capitulum) may 
produce up to 200 flowers, which are insect-pollinated, partially self-compatible, but rarely 
autogamous. The achenes, hereafter called seeds, possess a pappus, but because of their large 
size (2 mg) their dispersal is very limited. In the related species C. nutans and C. acanthoides 
dispersal is usually less than 5 m (Skarpaas & Shea 2007). C. defloratus is a common species 
of limestone grasslands and rocks in the centre of its distribution in the European Alps, and 
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populations can cover large areas. In contrast, northern peripheral populations are disjunct and 
restricted to isolated rocks, cliffs, and open woodland.  
C. defloratus is widely distributed in the Alps, further south in the Pyrenees and the Italian 
Apennines, and further east in the Tatra mountains (Meusel and Jäger 1992). Within Central 
Europe, populations are most abundant in the Alps and Swiss Jura and become rarer further 
northwards in the Swabian and the Franconian Alb (Fig. 1). Very disjunct and isolated 
populations occur even further north in the region of the Ilm-Saale-Platte, and the most 
northern populations are found in the region of Werrabergland and Ohmgebirge. The 
altitudinal range of C. defloratus is from 300 m in the northern part to 2600 m in the southern 
part of the distribution of the species (Landolt 2003).  
Data collection 
In June – July of 2006, 2007 and 2008 we established multiple plots of 1 m2 in each of eight 
peripheral and six central populations (Fig. 1). The number of plots varied across populations 
due to differences in habitat conditions and ramet density. We aimed to study at least 100 
ramets per population and as many plants as possible in small populations or in very rocky 
habitats that are difficult to access (e.g. cliffs). We marked the four corners of each plot by 
metal tubes of 25 cm length. The tubes were driven deep into the soil to prevent injuries to 
animals, but could be relocated with a metal detector. To identify ramets in consecutive years 
we recorded their x and y coordinates within each plot. The plots were revisited in the 
summer of each year until 2011. In each year we measured the length of the longest leaf and 
noted whether a ramet was flowering. New ramets were recorded and also measured. Overall, 
we followed the fate of more than 7000 ramets. In the first two years we estimated the cover 
of the herb layer and used the mean value as an estimate of site productivity. 
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Figure 1. Map of the distribution of the alpine thistle Carduus defloratus ssp. defloratus in 
Central Europe (after Meusel & Jäger 1992). The distribution area is bounded by the irregular 
black line. The circles indicate the location of the 14 studied populations. Gray dots indicate 
the location of the six study central populations within the Alps; red dots indicate the eight 
populations within the German lower mountain ranges. The numbers indicate the studied 
peripheral populations within the two population types. Werrabergland and Ohmgebirge (1: 
HOH; 2: SAL; 3 OHM); Ilm-Saale-Platte (4: JEN; 5: REI); Franconian Alb (6: KLE); 
Swabian Alb (7: WEN; 8: TAL); Alps (9: GOL; 10: BRA; 11:GEN; 12: KAN; 13: OES; 14: 
SAN). 
 
Statistical analysis 
We investigated the demography of C. defloratus along a cline from the centre of the 
distribution of the species in the Alps towards the range margin in the northern German low 
mountain ranges. Towards the northern range margin latitude increases, but altitude decreases 
and the northern populations are at the lower limit of their altitudinal range. Because latitude 
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and altitude are strongly negatively correlated (r = -0.80), we used in a previous large study 
on plant performance in 66 populations a principal component combining the two variables as 
a proxy for the centrality of a population (see Chapter 2). This component explained 86% of 
the variation in latitude and altitude and was strongly correlated with both mean annual 
temperature (r = -0.81) and annual precipitation (r = 0.91; Chapter 2). As the populations in 
the current study are a subset of those populations, we used the same measure of centrality. 
To analyse demographic patterns of C. defloratus we used two approaches. For certain 
analyses we compared the demography of central and peripheral populations. In these 
analyses populations in the Alps were considered as central and the disjunct populations 
outside the Alps as peripheral. We also studied continuous changes in demographic features 
along the gradient from the centre to the range margin. 
We distinguished three life stages: seedlings with leaves of up to 3 cm length, vegetative 
plants, and flowering plants. The proportion of plants in the different life stages was 
calculated for each population. To compare the overall population structure of peripheral and 
central populations we calculated the proportions of plants in different stages within each 
population and year (2008-2011) and averaged them. Differences in the population structure 
between central and peripheral populations were analysed by multivariate analysis of 
variance.  
We calculated the mean ramet density for each population and year by dividing the number of 
recorded plants in a given year by the total area of the permanent plots. We assumed that there 
was no net dispersal of seeds into the plots. To compare the demography and dynamic of 
populations or population types (peripheral vs. central) of C. defloratus, we constructed stage-
based transition matrices (Fig. 2, Caswell et al. 2001), based on pooled data from all 
permanent plots within a population. Ramets that were produced within 2 cm of the location 
where in the previous year a ramet had been present, were considered to be the same ramet, 
whereas other adult ramets were considered to be new ramets produced by clonal growth. The 
mother ramets of these new clonal ramets could not be determined and we therefore 
partitioned the new ramets among the vegetative and flowering ramets in proportion to their 
number in the previous year.  
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Figure 2. Ramet life cycle of Carduus defloratus with the three stages seedlings (S), 
vegetative (V), and flowering plants (F), and the corresponding matrix population model (s. 
Caswell et al. 2001). 
 
Deterministic projection of population growth 
To analyse the temporal (among transition periods) and spatial (among populations) variation 
in the fate of ramets we used log-linear models (Caswell 2001). To calculate finite rates of 
increase (λ) and its variation for each of the 14 studied populations, we constructed separate 
transition matrices for each combination of population and transition interval. To compare 
demographic characteristics between the two population types, central and peripheral, we 
calculated mean matrices for each type pooling all plants from the populations of each type 
(2008-2011). Differences between central and peripheral populations in λ were evaluated with 
a two-tailed permutation test. We randomly permuted individuals between the two types to 
obtain two pooled populations of the original size. We then constructed for each population 
type a matrix, calculated λ, and a test statistic θ(i) = ǀλperipheral – λ centralǀ. This was repeated 10 
000 times. The probability of obtaining a θ as large as or larger than the θ observed was 
calculated as (Caswell 2001): 
[ ] }{
110000
1#  (i)
0 +
+≥=≥ obsobs HP θθθθ  
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Analogous permutation tests were carried out to study differences in individual demographic 
transitions, temporal variability (CV) of λ, and time for seedlings to reach the flowering stage, 
and mean life expectancy of stages. We calculated the mean time for seedlings to reach the 
flowering stage and the mean life expectancy of the stages using eq. 9 and eq. 3 in Cochran & 
Ellner (1992), respectively. Following Ehrlén & Lehtila (2002) we subtracted one year from 
the estimated life spans.  
 
Comparison of current and stable stage distribution 
We compared the stable stage structure of both population types calculated from their 2008-
09 mean matrices to the stage structure observed in the first year for which data were 
available for all populations, 2008. The difference was characterised by Keyfitz Δ, which 
varies from 0 (both structures identical) to 1 (maximum difference; Caswell 2001). The stable 
stage structure was also calculated for the mean matrices (2008-2011) for each population 
type. To determine the rate of convergence to the stable stage structure we calculated the 
damping ratios. Large values of the damping ratio (> 3, Sandercock et al. 2005) indicate that a 
population would rapidly approach its stable stage distribution while values close to one 
indicate slow convergence on the stable stage structure (Rooney & Gross 2003). The 
difference between population types in damping ratio was evaluated with a permutation test. 
In addition, we calculated the damping ratio separately for each population for the transition 
interval 2008 – 2009.  
 
Analysis of elasticities and regional elasticities 
To analyse the relative sensitivity λ to changes in each matrix element we calculated for each 
population elasticity matrices based on pooled data from 2008-2011. Elasticities of matrix 
elements that consisted of a clonal and a non-clonal component were calculated separately for 
each component (Weppler et al. 2006). First, elasticities were calculated for the sum of the 
components and then separately for the non-clonal component of a matrix element, varying 
only one element of the matrix at a time. The elasticity of the clonal components was then 
calculated as the difference between the total elasticity and that of the non-clonal component. 
The elasticity matrices were divided into regions that describe different parts of the plants life 
cycle and grouped elasticities for growth, survival, and fecundity calculated (Silvertown et al. 
1993). We also calculated grouped elasticities for the peripheral and central types of 
CENTRAL AND PERIPHERAL POPULATIONS DIFFER IN THEIR DEMOGRAPHY 38 
 
populations, based on the pooled data from 2008 to 2011. Differences between central and 
peripheral populations in elasticities were evaluated by permutation tests. 
 
Analysis of clines in demographic characteristics  
We studied the relationships between demographic characteristics of populations and the 
possible explanatory variables vegetation cover, centrality (i.e. position within the central - 
peripheral gradient), population size and ramet density by multiple regressions. To measure 
the strength of evidence for each possible model we used the Bayesian information criterion 
(BIC). The models with the lowest BIC are presented in the results. Population size and ramet 
density were log-transformed prior to analysis. If the most supported model included a single 
explanatory variable we illustrate results by a simple regression plot, whereas if several 
variables were included, we present partial regression plots (see Moya-Laraño & Corcobado 
2008).  
 
Life table response experiment (LTRE) 
We modelled the finite growth rate (λ) of C. defloratus with a factorial life table response 
experiment (LTRE, Caswell 2001) as a linear function of the fixed factors population type and 
yearly transition interval, and the interaction between population type and transition interval. 
Transition matrices were calculated based on data pooled across all populations within each 
population type for each of the three transition intervals from 2008 to 2011. We used 
reference matrices calculated from pooled raw data and the transition rates were thus 
weighted by their frequency in the total data set (Horvitz & Schemske 1995, Angert 2006). 
This approach leads to a better approximation of the observed finite growth rates than a mean 
reference matrix of averaged transition frequencies (Angert 2006). To analyse which 
transitions contributed most to differences in growth rate we partitioned the main effects and 
the interaction effects into the effects of the particular transitions (Caswell 2001, Angert 
2006). We obtained 95% confidence intervals by bootstrapping the data 10000 times, 
recalculating the statistics and determining the range of values bounded by the lower and 
upper 2.5% of their distribution. 
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Simulation of stochastic growth rates and extinction risk of populations 
In contrast to deterministic analyses that assume a stable stage structure and project 
population growth based on a specific transition matrix, stochastic analyses take 
environmental variability into account. For calculations of stochastic growth rates (λs), we 
used the method of matrix sampling (Caswell 2001, Morris & Doak 2002). Population growth 
for each population type (peripheral and central) was simulated over 10 000 time intervals. At 
each time step we randomly selected one of the observed matrices with equal probability. We 
calculated the stochastic growth rate by back-transforming the arithmetic mean of all pairs of 
log [(Nt+1 / Nt)]. λs was calculated for each population and for each population type. To 
compare the extinction risk of central and peripheral populations, we used stochastic 
simulations (1000 runs) of the population dynamics based on pooled matrices for each 
transition period and population type. The stage structure included in the model was the one 
recorded in 2008. We sampled the three matrices of the period 2008-2011 with equal 
probability and calculated the proportion of runs in which less than 5 plants survived. 
All statistical analyses were carried out with IBM SPSS 20, while permutation tests and 
bootstrap calculations were carried out using dedicated scripts in R 2.12.1 (R Development 
Core Team 2011). 
 
RESULTS 
Population structure and dynamics 
In both central and peripheral populations vegetative ramets were more frequent than 
flowering ramets, and seedlings constituted only a small part of all plants (<10%, Fig. 3). 
However, central and peripheral populations differed in their stage structure. The mean 
proportion of vegetative plants was higher and that of flowering plants and seedlings lower in 
peripheral populations, indicating less favourable conditions for both flowering and 
recruitment (Fig. 3). A comparison of the observed and the projected stable frequency 
distribution of stages based on data from the first study interval (2008-2009) indicated that the 
observed frequencies of the stages differed from the stable stage structure, both in peripheral 
(Keyfitz Δ = 0.235) and in central populations (Δ = 0.085, Fig. 4). While the structure of the 
peripheral populations appeared to be further from the stable structure, this difference was not 
significant (p = 0.22, permutation test). However, damping ratios (ρ) calculated from the 
mean matrices for the first study interval indicated that, if conditions stayed the same, 
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peripheral populations (ρ = 12.0) would converge much faster to the stable stage structure 
than central populations (ρ = 5.8; p < 0.001). 
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FIGURE 3. Stage structure of central and peripheral populations of Carduus defloratus. Means 
over four years (2008-2011) + 1 SE. 
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Figure 4. Comparison of the frequency distribution of stages of Carduus defloratus in 2008 in 
(a) peripheral and (b) central populations with the stable stage structure. p < 0.001.  
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Variation in the density of populations of C. defloratus over the study period (2008-2011) was 
considerable and based on mean matrices per transition interval was similar for peripheral and 
central populations (CV = 27% vs. 29%, F1,12 = 0.29, p = 0.22). There was no overall clear 
pattern in the dynamics of the individual populations. Over the study period, the density of 
some populations, both peripheral and central, increased, while that of others decreased (Fig. 
5a-c). The dynamics of some peripheral populations that were geographically close (JEN, 
REI, TAL) were very similar and densities developed in parallel, suggesting that the same 
factor (e.g. regional weather conditions) may have been responsible. The dynamics of the 
three populations from the northern range margin (HOH, SAL, OHM) were also roughly 
similar. However, the two populations from the Swabian Alb (WEN and TAL) differed in 
their dynamics. Of the central populations, KAN and GEN developed in parallel over four 
years, but others did not (Fig. 5b).  
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Figure 5. Dynamics of ramet density in (a) eight peripheral, (b) six central populations of 
Carduus defloratus, and (c) means for both population types. For abbreviations of population 
names see Table 1. Note log-scale for plant density; differences in slopes therefore correspond 
to differences in observed growth rates. 
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While in some populations the finite rate of increase varied little, in others there was 
considerable variation (Table 1). The strongest variation was shown by the central population 
GEN, where a very low growth rate in 2008-2009 was followed by strong growth in the next 
year. This was due to a lack of habitat management in 2008 (no mowing), followed by 
management in the next year. Spatial variation, i.e. among populations, was also considerable. 
In log-linear analyses, the fate of plants varied both over time (2008-2011; G2 = 39.0, p < 
0.01) and among populations (G2 = 580.7, p < 0.001), and was also influenced by the 
combinations of population and time (G2 = 339.3, p < 0.001). 
The overall growth rate 2008-2011 for peripheral and central populations was similar (0.960 
[CI 0.920 - 1.013] vs. 0.971 [CI 0.928 - 1.014]; p = 0.72), and not different from 1, but growth 
rates differed in some of the years. In 2008-09 the mean growth rate of peripheral was higher 
than that of central populations (λ = 0.986 vs. 0.810; p < 0.001, permutation test), while in 
2009-10 growth of peripheral populations was lower (λ = 0.861 vs. 1.041; p < 0.001) and in 
2010-11 it was similar to central populations (λ = 1.057 vs. 1.085; p = 0.64). Variation in λ 
among years was similar in peripheral and central populations (CV = 9.5% vs. 15.2%; p = 
0.15). Including environmental stochasticity hardly changed growth rates of peripheral or 
central populations. Stochastic (λS) and deterministic growth rates (mean matrices 2008-2011) 
for the individual populations were strongly correlated (r2 = 0.91, p < 0.001, n =14) and λS 
was similar in peripheral (λS = 0.9572, CI 0.9206 - 0.9979) and central populations (λS = 
0.9761, CI 0.9338 - 1.0196). Multiple regression analyses did not reveal significant 
relationships between λS, λ or the CV of λ over time of the 14 study populations and centrality, 
vegetation cover, population size or density.  
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Table 1. Finite growth rate (λ) of Carduus defloratus in peripheral and central populations in 
different years, and coefficient of variation (CV) of λ from 2008-2011. CVs in parenthesis are 
calculated for longer time periods, if available. 
Population  Finite rate of growth (λ) CV of λ (%) 
 
 
2006 / 
2007 
2007 / 
2008 
2008 / 
2009 
2009 / 
2010 
2010 / 
2011  
Peripheral        
    Hohestein HOH 0.785 0.901 0.559 0.815 1.036 29.7  (21.4) 
    Salzfrau SAL 1.785 0.892 0.846 0.929 0.977   7.2  (36.3) 
    Ohmberg OHM  0.683 1.161 0.895 0.941 14.2  (21.3) 
    Jena JEN   1.045 0.676 1.443 36.4 
    Reinstädt REI   1.196 0.931 1.247 15.1 
    Kleinziegenfeld KLE   1.112 0.500 0.970 37.2 
    Wenthof WEN   0.953 0.972 0.796 10.7 
    Talmühle TAL   1.023 0.820 1.092 14.5 
     
Central      
    Braunwald BRA  1.004 0.818 1.106 1.051 15.4  (12.6) 
    Kandersteg KAN 1.325 0.596 0.807 1.597 0.826 41.9  (40.3) 
    Oeschinen See OES   1.040 0.648 1.177 28.7 
    Gental GEN  1.133 0.284 2.125 0.930 83.9  (68.2) 
    Goldau GOL   1.059 1.130 1.551 21.3 
    Sanetsch See SAN   0.887 0.702 0.855 12.1 
CV of λ (%)  38.6 23.0 27.1 42.6 21.0  
 
 
Analysis of transition matrices 
While there were no overall differences in mean population growth rates, all matrix elements 
(demographic transitions) differed significantly between peripheral and central populations 
(Table 2a; p < 0.01; permutation tests), except for the probability that vegetative or flowering 
adults clonally produced vegetative ramets (p = 0.23). In both types of populations few 
seedlings were produced per flowering plant and most of those did not develop into a 
vegetative adult in the next year (Table 2a). However, recruitment of new plants through 
sexual reproduction was much lower in peripheral than in central populations, as less 
seedlings were produced and their survival was lower. In fact, in six of the eight peripheral 
populations, but only in one of the central ones, either no seedlings were observed over four 
years of study or none of them survived to become an adult. Little more than half of the 
vegetative ramets in both types of populations (54% vs. 53%) reappeared in the next year. In 
peripheral populations it was less likely that vegetative progressed into flowering ramets, and 
flowering ramets were also less likely to flower again. Clonal growth contributed 
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considerably to both vegetative and flowering ramets in both population types. Ontogenetic 
development of C. defloratus was on average slower in peripheral than in central populations. 
Seedlings needed 5.2 years to develop into a flowering plant in peripheral, but only 3.8 years 
in central populations (p < 0.001; permutation test) and their life expectancy was higher in the 
centre (1.62 vs. 1.30 years, p < 0.05). However, mean life expectancy of flowering ramets was 
higher in peripheral than in central populations (2.43 vs. 2.19 years; p < 0.01).  
 
Table 2. Matrix of (a) the mean transitions and (b) their elasticities in peripheral and central 
populations of Carduus defloratus. Demographic data were pooled over eight peripheral and 
six central populations, respectively, and three transition intervals (2008-2009, 2009-2010, 
2010-2011). Contribution of clonal growth in italics.  
(a) 
 Transitions   
 Seedling Vegetative  Flowering  
Peripheral  (λ = 0.9603)   
Seedling 0 0 0.1586 
Vegetative 0.1346 0.4629 + 0.3013 0.3843 + 0.3013 
Flowering  0 0.0778 + 0.0956 0.2388 + 0.0956 
    
Central  (λ = 0.9709)   
Seedling 0 0 0.2791 
Vegetative 0.2887 0.3682 + 0.2763 0.2215 + 0.2763 
Flowering  0 0.1642 + 0.1267 0.3265 + 0.1267 
 
(b) 
 Elasticities   
 Seedling Vegetative  Flowering  
Peripheral     
Seedling 0 0 0.0049 
Vegetative 0.0049 0.3578 + 0.2452 0.1085 + 0.0413 
Flowering  0 0.0996 + 0.0551 0.0506 + 0.0320 
    
Central     
Seedling 0 0 0.0286 
Vegetative 0.0286 0.1917 + 0.2038 0.1117 + 0.0599 
Flowering  0 0.1657 + 0.0346 0.1093 + 0.0660 
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In multiple regression analyses, most demographic transitions in the 14 study populations 
were related to the centrality of a site, and some to its vegetation cover and to density (Table 
3, Fig. 6), while population size had no influence. The probability that seedlings developed 
into vegetative plants increased, while that of vegetative ramets to remain in their stage 
(stasis) decreased with centrality (Fig. 6a,b). Seedling survival also increased with plant 
density (Table 3), indicating that not intraspecific competition, but habitat quality influenced 
seedling survival. The probability of vegetative progressing into flowering ramets increased 
with centrality (Fig. 6c). This transition and the probability of a flowering ramet to flower in 
the next year increased with vegetation cover in a population (Fig. 6d,e), indicating a positive 
influence of site productivity on flowering probability. Stasis in the flowering stage tended to 
increase with centrality (r = 0.48, p = 0.08), but this effect was not part of the most supported 
model. Retrogression of flowering to vegetative ramets decreased with centrality (Fig. 6f), 
whereas the fecundity transition was not related to any of the potential explanatory variables 
(all r < 0.08, all p > 0.77). 
In contrast to the temporal variability of overall population growth rate, that of some 
demographic transitions was related to range position. Variability in both seedling survival (r 
= 0.62, p < 0.05) and in the transition from vegetative to vegetative ramets (r = 0.46, p = 0.10) 
increased towards the range centre. All correlations between the variability of the other 
transitions and centrality had also a positive sign, but these relationships were far from 
significant (p > 0.18). 
 
Table 3. The effects of geographic position within the range of the species (centrality factor) 
and population characteristics on demographic transitions in populations of Carduus 
defloratus. For calculations of the transitions we pooled fates within each population between 
2008 and 2011. Models are presented for which the Bayesian information criterion is 
minimal. Potential explanatory variables were population size, ramet density, centrality and 
vegetation cover. 
Transition df r2 F Explanatory 
variable 
β t 
Seedling => Vegetative 11 0.46   4.61 Centrality  0.51 2.27* 
    Log density  0.35   1.56 
Vegetative => Flowering 11 0.67 10.94** Vegetation cover  0.54 2.90* 
    Centrality  0.46 2.45* 
Vegetative => Vegetative 12 0.32   5.50* Centrality -0.56 -2.35* 
Flowering => Flowering 12 0.49 11.66** Vegetation cover  0.70 3.41**
Flowering => Vegetative 12 0.42   8.80* Centrality -0.65 -2.97* 
Notes: df, degrees of freedom; *, p < 0.05; **, p < 0.01. 
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Figure 6. Relationships between the demographic transitions from (a) seedling to vegetative 
ramet, (b) vegetative to vegetative ramet, (c, d) vegetative to flowering ramet, (e), flowering 
to flowering ramet, and (f) flowering to vegetative ramet of Carduus defloratus and 
significant explanatory variables. Shown are partial regression plots (a, c, d) in case of several 
explanatory variables included in the most supported model, and regression plots (b, e, f) in 
the case of single explanatory variables. For statistical analysis see Table 3. 
 
Elasticities 
The elasticities of all transitions in mean matrices differed significantly between peripheral 
and central populations (p < 0.01, permutation test). In both types of populations changes in 
the proportion of vegetative adults remaining vegetative had the strongest effect on the 
population growth rate (λ), but the influence was much stronger in peripheral populations 
(Table 2b). In contrast, the elasticity of the transition of vegetative to flowering ramets was 
lower in peripheral populations. In both population types the effect of changes in clonal 
growth (sum of all clonal elasticities) was much lower than that of changes in growth, stasis, 
and retrogression of ramets (peripheral: 0.62 vs. 0.37; central: 0.58 vs. 0.36). The elasticity of 
transitions involving seedlings was low in both population types, but in particular in 
peripheral populations. Regression analyses indicated a significant decrease in the elasticity of 
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the stasis of vegetative ramets (r = -0.66, p < 0.01) and an increase in the elasticity of the 
stasis of flowering ramets (r = 0.63, p < 0.05) with the centrality of populations.  
A triangular ordination of populations according to their grouped elasticities indicated that 
peripheral and central populations were all characterised by low contributions of fecundity 
(eF) (Fig. 7). Greater variation was found in the contributions of growth (eG), and particularly 
survival (eL). The contributions of both growth and survival to the growth rate of a population 
were related to its position within the central-peripheral gradient. The contribution of growth 
(eG) increased (r = 0.56, p = 0.04, Fig. 8a), while that of survival (eL) decreased with 
centrality (r = 0.57, p = 0.03, Fig. 8b). 
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Figure 7. Triangular G-L-F ordination of the elasticities of the mean matrices (2008-2011) for 
peripheral and central populations of Carduus defloratus. (a) Means for the two types, (b) 
individual populations. For abbreviations of population names see Table 1. 
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Figure 8. Relationships between the regional elasticities of (a) growth (eG) and (b) survival 
(eL) and centrality for 14 populations of Carduus defloratus in Central Europe. 
 
Life table response experiment analysis 
We used factorial LTRE analysis to study the effect of population type, transition interval and 
their interaction on population growth rate of C. defloratus and to determine the contribution 
of individual transitions to these effects. The LTRE analysis indicated that although the 
overall mean growth rates of peripheral and central populations were very similar, there were 
strong differences in the contributions of individual demographic transitions to λ, which 
would on their own result in differences in λ (Fig. 9b). Higher contributions of stasis of the 
vegetative ramets and retrogression of flowering ramets to λ in peripheral than in central 
populations would have resulted in higher λ there, but were compensated by the lower 
contributions of progression of vegetative to flowering ramets and stasis of flowering ramets. 
The strongest differences in transition rates (Fig. 9a) did not always have the strongest effect 
on differences in λ. For instance, the much lower rates of seedling recruitment and seedling 
survival in peripheral than in central populations (Fig. 9a) did not contribute to differences in 
λ (Fig. 9b). 
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Figure 9. (a) Differences between individual demographic transitions between peripheral and 
central populations of Carduus defloratus, and (b) the contribution of these differences to the 
difference in population growth rate. S = seedling, V = vegetative ramet, F = flowering ramet. 
**, p < 0.01 for difference between population types; ***, p < 0.001. Error bars indicate 95% 
bootstrap confidence intervals for contributions. 
 
The population growth rate of C. defloratus varied strongly among years. In 2008-09, λ was 
much lower than on average (λ = 0.901 vs. 0.965). This was due to lower values for all 
transitions involving adult ramets, which contributed to the lower growth rate (Fig. 10a, b). In 
2009-10, λ was similar to the yearly average (λ = 0.937). However, individual transitions 
deviated from average values in both directions and influenced λ. The particularly high 
growth rate in 2010-11 (λ = 1.076) was mainly due to higher than average re-emergence of 
vegetative ramets, and retrogression of flowering to vegetative ramets instead of death.  
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Figure 10. (a) Deviation of individual transition rates in the three transition periods from their 
mean over all years, and (b) the contribution of these differences to the deviation from the 
mean growth rate. (c) Interaction contributions, i.e. contribution of individual transitions to 
differences in growth rate between peripheral and central populations that could not be 
explained by the sum of the effects of year and population type. Results of a factorial LTRE. 
S = seedling, V = vegetative ramet, F = flowering ramet. Error bars indicate 95% bootstrap 
confidence intervals. 
 
Population type x year interaction effects on λ, i.e. deviations from the sum of the effects of 
population type and transition interval, were strong (Fig. 10c). This indicates that differences 
in the individual demographic transitions between peripheral and central populations were not 
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consistent over years. The higher growth rate of peripheral than central populations in 2008-
09 was due to particular high contributions of transitions (V-V and F-V transitions, Fig. 10c) 
that were also on average higher in peripheral populations (s. Fig. 9b). The lower λ of 
peripheral than central populations in 2009-10 was due to negative contributions of the same 
transitions, but also due to a stronger than average negative contribution of the progression of 
vegetative to flowering ramets (V-F). Growth rates of the two population types in 2010-11 
were similar, although the contributions of several transitions (V-V,V-F, F-V) strongly 
differed from their average over the years (s. Fig. 9b), because these effects cancelled each 
other out. 
Simulations based on matrix sampling indicated that overall, extinction risks for the two types 
of populations were similar (Fig. 11a) and that small populations consisting of less than 
several hundred ramets faced a relatively high risk of extinction over 100 years.  
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Figure 11. The relationship between population size and extinction risk over 100 years for 
peripheral and central populations of Carduus defloratus. Results of stochastic simulations of 
the population dynamics by matrix sampling.  
 
 
DISCUSSION 
In our study of the ramet demography of C. defloratus in 14 populations we did not find 
significant differences between peripheral and central populations in asymptotic growth rate 
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(λ), temporal variability of lambda, or the risk of extinction of populations of a given size. 
However, central and peripheral populations differed in individual transitions, the temporal 
variability of transitions, and the contribution of these transitions to population growth rates, 
as well as in their population structure, the speed of ontogenetic development, and the 
longevity of plants in different stages. 
Spatial variation among populations in asymptotic growth rates (λ) was strong, but values of λ 
were not related to range position. Moreover, mean asymptotic and stochastic growth rates for 
peripheral and central populations were similar and not far from 1. This is not surprising, as 
longer-term deviations of λ from 1 are only to be expected if populations are strongly 
expanding or on their way to extinction. Long-term population studies of the orchid 
Cypripedium calceolus (García et al. 2010) found growth rates to be similar in peripheral and 
central populations and values close to 1. However, some other studies have reported effects 
of range position on λ, but their direction was not consistent. In the Californian annual 
Clarkia xantiana growth rates declined towards the range periphery (Eckhart et al. 2011), and 
λ was lower in a rear edge population of Silene ciliata in central Spain than in central 
populations. In contrast, growth rates were highest in British peripheral populations of two 
species of Ulex (Stokes et al. 2004). In a study of two Mimulus species, growth rates were 
highest at the range centre and lower at the periphery for M. lewisii, while for M. cardinalis 
the opposite was true (Angert 2006). 
The temporal variability of λ in C. defloratus was high in comparison to that of other long-
lived species (Berg 2002, Giménez-Benavides et al. 2011, Nantel & Gagnon 1999, 
Schleuning et al. 2008, Weppler et al. 2006, but see Schulze et al. 2012), but was not related 
to range position. However, variability in some individual demographic transitions like 
seedling survival and stasis of vegetative ramets decreased towards the range periphery. The 
results of the very few previous studies on plants that have compared the demography of 
central and peripheral populations are conflicting. In a study of two clonal perennials, Nantel 
& Gagnon (1999) found greater variability in some vital rates and λ in peripheral populations. 
Similarly, variation in several demographic rates, increased with distance to the range centre 
in a study of annual plants in Arizona (Gerst et al. 2011). In contrast, the temporal variation in 
transitions was lower in peripheral populations of Hornungia petraea (Kluth & Bruelheide 
2005a). These conflicting patterns in the variability of λ or individual vital rates could be due 
to different mechanisms responsible for variation among years. Mostly, it has been predicted 
that variation in demography will increase towards the range edge due to greater variability in 
the suitability of environmental conditions (Gaston 1990, Nantel & Gagnon 1999, Gaston 
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2009). Alternatively, it may be the central populations that show greater variability in 
demographic rates, if maximum rates are higher because of very good conditions in some 
years (Williams et al. 2003). The increase in the variability of seedling survival and the stasis 
of vegetative ramets of C. defloratus from the periphery towards the centre supports the 
second hypothesis.  
Temporal variation in population growth rates of plants have frequently been related to 
variation in weather conditions (Bengtsson 1993, Carey et al. 1995, Jump & Woodward 
2003). These should affect populations in the same region in a similar way. However, while 
growth rates of some population of C. defloratus in close geographic proximity fluctuated in 
synchrony, others did not, indicating that differences in weather conditions alone could not 
explain the variation in lambda. Variation in λ could also be due to habitat management 
measures. Some of the central populations of C. defloratus were occasionally mown, resulting 
in increased seedling recruitment the year after and also in a higher number of ramets. 
However, peripheral populations were never managed and differences in management could 
thus not be responsible for the observed temporal variation in demography. Other possible 
influences on λ include site specific conditions and their interaction with weather conditions 
(e.g. dry periods) and biotic influences (e.g. herbivory, parasitism). 
Our results provide no support for the prediction that peripheral populations of a given size 
have a higher extinction risk than central populations (Holt & Keitt 2000). Nevertheless, the 
actual extinction risk for the extant peripheral populations of C. defloratus is likely to be 
higher, because they are on average smaller than those in the distribution centre (see Chapter 
2). Stochastic simulations based on mean matrices and data from four years indicated that 
small populations of less than several hundred individuals may be threatened in the medium 
term, both in the centre and the periphery. However, the four year observation period may not 
have been sufficiently long to obtain a representative picture of temporal variability.  
 
Demographic transitions 
The demography of C. defloratus was characterised by low recruitment and survival of 
seedlings, which is typical for long-lived species (Warner & Chesson 1985, Forbis & Doak 
2004, Weppler et al. 2006). However, both elasticity analysis and LTRE analysis showed that 
the influence of demographic transitions involving seedlings on population growth was rather 
small. Ramet survival was much higher than seedling survival, but low in comparison to that 
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found for other species, leading to life expectancies for the ramets (< 2.5 years) that were 
much lower than in other clonal plants (Tanner 2001). 
Most demographic transitions in C. defloratus were influenced by the position of a population 
within the distributional range. Progression of vegetative to flowering and stasis of flowering 
ramets increased, while retrogression of flowering to vegetative and stasis of vegetative 
ramets decreased with centrality. All these differences contributed to higher flowering at the 
range centre, where the mean proportion of plants flowering was higher. Together with the 
increased seed production per flowerhead (Chapter 2) this indicates higher reproduction in 
central populations. The gradient of increasing centrality in C. defloratus is at the same time a 
gradient of decreasing latitude, increasing altitude and a gradient in climatic conditions. 
Changes in climatic conditions with increasing centrality reflect much more strongly the 
higher altitude than the lower latitude, as temperature decreases and precipitation increases 
strongly (see Chapter 2). The increased flowering and reproduction in central populations of 
C. defloratus situated at higher altitudes is in line with the predictions of the abundant centre 
model, but in contrast to the findings of other studies that found a decrease in reproductive 
allocation with altitude (Young et al. 2002; Garcia & Zamora 2003, Johnston & Pickering 
2004, Sakai et al. 2006, Milla et al. 2009). The contrasting pattern found in C. defloratus 
could be related to the much stronger gradient in altitude in the current than in most other 
studies, and the fact that C. defloratus is mainly an alpine species.  
Like reproduction, seedling survival increased with centrality which could be related to the 
higher soil moisture at higher altitudes (Forbis 2003). Although the influence of reproduction 
and recruitment on population growth was small, the lower sexual reproduction in peripheral 
populations could have important long-term consequences. Lower regeneration through seeds 
in peripheral populations could result in reduced genetic diversity and restrict their 
evolutionary potential (Dorken & Eckert 2001). The peripheral populations at low altitudes 
represent a receding edge in the face of climate change (Hampe & Petit 2005) and a lack of 
sexual reproduction will reduce the opportunities for adaptive selection (Giménez-Benavides 
et al. 2011). 
Patterns of performance along a gradient from the centre to the range limit may be 
complicated by the effects of density. Density dependence of performance can result in 
reduced mean performance where conditions are most suitable (Samis & Eckert 2007). In C. 
defloratus, there was evidence for negative density effects on plant size (Chapter 2). 
However, we found no negative effects of intraspecific competition on demographic 
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transitions in the current study. Instead, independent of centrality, seedling survival increased 
with density in a population, indicating that where conditions were best overall, seedling 
survival was highest.  
Elasticity analyses indicated that the transition that contributed most to population growth was 
stasis of vegetative ramets (including clonal growth), whereas fecundity contributed little. 
Populations of C. defloratus are thus placed in the right hand part of the G-L-F triangle. Such 
a predominance of the fate of adult plants for overall demography is typical for long-lived 
plants (Forbis & Doak 2004, Colling & Matthies 2006, Csergö et al. 2011). However, central 
and peripheral populations differed strongly in the importance of different processes for 
population growth. While the elasticity of growth transitions (progression to the next stage) 
increased with the centrality of a population, elasticity of survival transitions (stasis, 
retrogression) decreased. The importance of different life cycle transitions and thus the 
position of species or populations in the G-L-F triangle have been related to secondary 
succession with the highest values of survival elasticities predicted for late successional 
species (Silvertown et al. 1993, Silvertown et al. 1996, Franco & Silvertown 2004). The 
pattern observed in C. defloratus does not fit into this framework, as peripheral populations 
that had the highest survival elasticities mostly inhabit sites like rocks and screes that 
represent early stages of primary and not late stages of secondary succession. However, a 
similar demographic behaviour as in peripheral populations of C. defloratus has been found in 
exclusively alpine species during the early stages of primary succession (Morris & Doak 
1998, Marcante et al. 2009).  
The factorial LTRE analysis of the effects of population type and transition interval showed 
that several of the differences in transition rates between central and peripheral populations 
would on their own have resulted in considerable differences in growth rate, if they had not 
compensated each other. The LTRE analysis thus confirmed that similar overall growth rates 
of populations may mask strong differences in the contribution of individual transitions to 
population growth (Angert 2006). Transitions found to be important in the LTRE were 
generally the same as identified in the elasticity analysis, indicating that retrospective and 
prospective analyses came to similar results. This is not always the case, as LTRE analyses 
describe contributions of transitions to real, observed differences in lambda, whereas 
elasticities indicate the projected response of lambda to very small changes in individual 
transitions (De Kroon et al. 2000, Caswell 2001). 
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CONCLUSIONS 
Our results do not support the notion of greater temporal variability of demographic 
transitions (Lawtong 1993, Nantel & Gagnon 1999) or of greater demographic turnover (Lönn 
& Prentice 2002) in peripheral populations. However, detailed demographic analyses showed 
that peripheral differed from central populations in many features of their demography, in 
particular transitions involving flowering plants and the recruitment of plants from seeds. 
Many of the peripheral populations of C. defloratus may be characterised by remnant 
population dynamics (Eriksson 1996), as no recruitment was observed in them during four 
years of study. The existing populations persist due to clonal growth, but new populations are 
not formed due to a lack of suitable habitats and the very limited dispersal of seeds.  
A main result of the current study is the strong spatial and temporal variation in demography. 
Recently, Jongejans et al. (2010) have criticised that hardly any studies on plant demography 
have investigated populations at more than one site in different regions. In their study of three 
species of Asteraceae they found variation in life histories over the distribution range of the 
species. The strong variation in individual demographic transitions and their elasticities found 
among populations of C. defloratus in different parts of its range supports the view that it is 
not sufficient to study the demography of a species at only one site or even region to 
characterise its population dynamics (Jongejans et al. 2010). However, the fact that 
demographic features of C. defloratus showed clinal variation related to gradients in centrality 
and thus climate, suggest that it might be possible to predict general demographic features for 
individual populations based on their environment.  
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ABSTRACT 
The abundant centre model (ACM) predicts that genetic diversity within populations should 
decrease towards the range limits, while the genetic differentiation between populations 
should increase. To test the genetic predictions of the ACM, we analysed patterns of genetic 
variation of Carduus defloratus across 78 populations in Central Europe using AFLPs. The 
populations were distributed along a central-peripheral gradient from the Alps towards the 
northern range limit of the species in Germany, where the species is considered to be a glacial 
relict. In line with the predictions of the ACM, genetic diversity within populations decreased 
and genetic differentiation between populations increased with latitude towards the range 
margin. Genetic diversity also increased with population size, but population size did not 
explain a significant part of the variation in addition to range position, suggesting that 
present-day genetic patterns of the species are mainly affected by historical processes. Strong 
isolation by distance patterns among peripheral populations in spite of their current isolation 
indicated that the genetic structure of the long-lived species at the range periphery may reflect 
patterns of gene flow during the last ice age when populations were probably much more 
common. Genetic differentiation increased much more strongly with geographic distance for 
peripheral than for more central populations, indicating stronger isolation. 
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INTRODUCTION 
The genetic structure of populations depends on life history traits and on ecological factors 
influencing reproduction and dispersal (Hamrick & Godt 1996). Ecological factors can also 
affect population genetic processes like genetic drift, gene flow, bottlenecks, and selection 
which in turn influence the genetic structure of natural populations (Hutchison & Templeton 
1999). Founder effects, genetic drift, and bottlenecks reduce the genetic variability within 
populations and result in greater genetic differentiation between populations. In plant species 
founder effects may be mitigated by gene flow due to seed and pollen dispersal which 
increase genetic variability and reduce differentiation between populations (Hutchison & 
Templeton 1999, Vik et al. 2010). The effects of selection differ, depending on whether 
selection is convergent or divergent (Endler 1982, Volis et al. 2005). Convergent selection 
favours the same genotypes at different sites, resulting in low population genetic structure. In 
contrast, divergent selection favours different genotypes at different sites, resulting in strong 
differentiation among populations.  
The relative importance of genetic drift, gene flow, and selection for genetic variability and 
structure may be affected by the position of populations within the distributional range of a 
species (Brown et al. 1996). The range position can therefore have important implications for 
the evolutionary potential of populations and their conservation value (Hoffman & Blows 
1994, Lesica & Allendorf 1995). The Abundance Centre Model (ACM; Brown 1984) predicts 
that due to decreasing favourability of conditions from a distribution centre of a species 
towards its range limit, populations should become less frequent, less dense, smaller, and less 
reproductive (Brown 1984, Lawton 1993, Sagarin & Gaines 2002, Jump & Woodward 2003). 
As a consequence of the smaller size of populations and their greater isolation, the relative 
influence of genetic drift on the genetic structure of populations should increase towards the 
range margin (Ellstrand & Elam, 1993, Lesica & Allendorf, 1995). Therefore, genetic 
diversity within populations should decrease, whereas genetic differentiation among 
populations should increase towards the range limit. This pattern may be further strengthened 
if peripheral populations are more strongly affected by inbreeding or severe population 
bottlenecks, and extinction and recolonisation events are more frequent than in central 
populations (Lesica & Allendorf 1995, Eckert et al. 2008).  
However, reviews of empirical studies of various groups of organisms concluded that the 
predictions of the ACM regarding patterns of abundance were often not supported (Sagarin & 
Gaines 2002, Sexton et al. 2009), which should also reduce the support for the predicted 
genetic patterns. Moreover, even if patterns of abundance follow an abundant centre 
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distribution, other factors may have strong effects on the pattern of genetic diversity. 
Longevity, obligate outcrossing, and long distance dispersal may reduce the predicted effects 
of small population size and geographical isolation (Loveless & Hamrick 1984; Schiemann et 
al. 2000).  
A recent review of genetic diversity and structure across geographical ranges of various 
groups of organisms concluded that most of the available studies detected the expected 
decline in neutral genetic diversity towards the range margin and also found increased 
differentiation, but that this supposition was still poorly tested (Eckert et al. 2008). In only 24 
out of 81 studies both predictions had been subjected to statistical tests. It has also been 
criticised that many studies included only a small number of peripheral populations or 
compared a few peripheral populations to central ones which gives little information about the 
form of a possible relationship between genetic structure of populations and their range 
position (Sagarin & Gaines 2002, Samis & Eckert 2007, Eckert et al. 2008, Yakimowski & 
Eckert 2008, Sexton et al. 2009). Moreover, often genetic distances between populations 
increase with their geographic distance (isolation by distance, Hutchison & Templeton 1999). 
In this case, the mean genetic distance will depend on the geographic distance between the 
populations sampled, and this has to be taken into account when comparing the genetic 
differentiation between populations in different groups, but has rarely been done (Nybom 
2004, Hamilton & Eckert 2007).  
The variation in population genetic diversity and differentiation across the entire range of a 
species will be affected by both historical and contemporary effective population sizes and 
gene flow (Vucetich & Waite 2003, Hamilton & Eckert 2007). Historical factors are those 
that influenced the population genetic structure of a species in the past and do not affect it in 
the present, but the genetic pattern influenced by them may still be reflected in contemporary 
populations (Vucetich & Waite 2003, Yakimowski &Eckert 2008). Examples for historical 
factors are range fragmentations due to glaciation and subsequent founder events during 
postglacial range expansion (Schönswetter et al. 2003, Meeus et al. 2012), or habitat 
fragmentation due to human activities in past centuries (Gibbs 2001, Storfer et al. 2007, 
Zhang et al. 2012). In contrast, contemporary factors presently influence the distribution of 
genetic diversity. These factors include population size, and features of the demography of 
populations that influence effective population size or obstruct current gene flow 
(Yakimoswski & Eckert 2008). However, most of the studies (81%) that have compared the 
genetic structure of peripheral and central populations did not take population size into 
account (Eckert et al. 2008) and few have tried to distinguish between possible historical and 
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contemporary effects on population genetic diversity and structure (Lönn & Prentice 2002, 
Vucetich & Waite 2003, Hamilton & Eckert 2007, Meeus et al. 2012).  
We studied the genetic diversity of 78 populations of Carduus defloratus L. (Asteraceae) and 
the differentiation between them along a gradient from the centre of its distribution in the 
Alps to its northern range limit in the central German low mountain ranges. The pattern of 
abundance of C. defloratus is in agreement with the predictions of the ACM: population size, 
plant density, and seed set decrease from the centre of its distribution towards the northern 
range limit (Chapter 2). We estimated the genetic diversity within populations and genetic 
differentiation between populations using AFLP markers and related genetic diversity and 
genetic distinctness of populations to their latitude, longitude, and size. We also investigated 
the relationship between the genetic differentiation and the geographical distance between 
populations. We address the following specific questions: (1) Does genetic diversity decrease 
from the distribution centre in the Alps towards the northern range limit and is it affected by 
population size? (2) Is genetic differentiation between populations higher at the northern 
range limit than further south and does the mean genetic distinctness of populations increase 
towards the northern range limit? (3) Does the genetic distance between populations increase 
more strongly with geographic distance for populations at the northern range limit than for 
more central ones? 
 
MATERIAL AND METHODS 
Study species 
C. defloratus is a European species with a large altitudinal range (300 - 2600 m; Landolt 
2003). It occurs in central Europe from the Alps to the central German low mountain ranges 
(Fig. 1). It also occurs south of the Alps in the Italian Appenines, further southwest in the 
Pyrenees and further east in the Tatra mountains (Meusel & Jäger 1992). In the Alps C. 
defloratus is a common species of alpine grassland and on rocks at higher altitudes, where it 
covers large, continuous areas. In contrast, towards the northern range limit the species 
becomes increasingly rare and is restricted to rocks, cliffs and open woodlands where trees are 
scarce, but partially shading the populations.  
C. defloratus is a diploid, long-lived clonal perennial with a mixed mating system. The 
achenes possess a pappus and are dispersed by wind, but are large (2 mg). Dispersal is thus 
likely to be very limited, as in the related C. nutans and C. acanthoides for which dispersal of 
less than 5 m has been found (Skapaas & Shea 2007). That makes gene flow via seed 
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dispersal between the very disjunct populations at the northern range limit very unlikely as the 
median nearest neighbour distance between them is more than 6 km. C. defloratus is not yet 
considered to be threatened in Central Europe, but it is included in the advance warning list of 
the red list of German federal states of Hesse (Buttler et al. 1997) and Baden-Württemberg 
(Breunig & Demuth 1999) due to its rarity. 
12 - 16
17 - 21
1 - 11
 
Figure 1. Map of the distribution of Carduus defloratus ssp. defloratus in Central Europe 
(after Meusel & Jäger 1992). The numbers indicate studied populations within seven 
mountain regions. Population 1 - 11 Werrabergland and Ohmgebirge; 12 - 16 Ilm-Saale-
Platte; 17 - 21 Franconian Alb; 22 - 29 Swabian Alb; 30 - 38 Swiss Jura; 39 - 55 W-Alps; 56 -
 78 E-Alps.  
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Collection of samples 
In summer 2006, 78 populations of C. defloratus were studied across the species’ range in 
Central Europe, from the centre of the distribution in the Alps towards the northern range 
limit in the low mountain ranges of central Germany (Fig. 1). Because of the topographic 
profile of Central Europe the north-south gradient was simultaneously an elevation gradient. 
The altitudinal range of the populations sampled was 342 - 2300 m, the maximum distance 
679 km. We defined a population as a group of conspecific individuals that were at least 1 km 
apart from the next group or if not, were clearly separated by woodland, valleys, or 
agricultural fields. We sampled populations in seven mountain regions: From different 
altitudes in (1) the W-Alps, (2) the E-Alps, and (3) the Swiss Jura mountains. However, 
populations at the upper altitudinal limit in the Alps were difficult to locate and therefore not 
sampled. We also sampled from populations in (4) the Swabian Alb, (5) the Franconian Alb, 
(6) the Ilm-Saale Platte, and (7) the Ohmgebirge and Werrabergland. The populations in the 
Alps can be clearly considered as central, while those at the northern distribution limit 
(regions 6 and 7) can be considered peripheral. At the northern range limit all accessible 
populations were sampled.  
The longitude, latitude, and altitude of each population were determined with a GPS. 
Population size was determined as the number of flowering plants. In each population one 
fresh leaf was sampled from 10 to 30 plants and stored in silica gel until the extraction of 
DNA. In small populations (< 30 individuals), all accessible plants were sampled. To reduce 
the chance of sampling clones, the minimum distance between two sampled plants was 0.5 m.  
 
DNA extraction and AFLP analysis 
The dried leaf material (20 mg, without midnerve and prickles) was ground (Retsch MM200, 
Retsch). Subsequently, DNA was extracted using the DNeasy Plant Mini Kit (Qiagen). For 
the molecular genetic analysis dominant amplified fragment length polymorphism (AFLP) 
markers were used (Vos et al. 1995). Restriction and ligation were carried out by the AFLP 
CoreReagent Kit (Invitrogen). For preselective amplification AFLP Pre-Amp Primer Mix I 
(Invitrogen) and Taq polymerase were used that contained BSA (5 u µL-1, native, with BSA, 
Fermentas). Three primer combinations were used for selective amplification: FAM-
ACA/CTC, TAM-AAC/CAT and HEX-ACG/CTT (Invitrogen). The PCR amplification 
products were separated by capillary electrophoresis using an automated DNA sequencer 
(MegaBACE 500, 48-capillary system, GE Healthcare).  
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DATA ANALYSIS 
Allele frequencies and genetic diversity 
The presence or absence of each marker in each individual was scored by the MegaBACE 
Fragment Profiler version 1.2. Only fragments ranging in length between 150 and 500 base 
pairs were included in the analysis. The resulting presence/absence matrix included 435 
polymorphic loci. The error rate was estimated at 4.8% by duplicate analysis of 30 samples.  
We counted the number of private alleles within each population. Allelic frequencies were 
estimated by both a square-root procedure (Lynch & Milligan 1994, Stewart & Excoffier 
1996) and a Bayesian method assuming non-uniform prior distribution of allele frequencies 
(Zhivotovsky 1999). Because nothing was known about the selfing rate of C. defloratus we 
assumed random mating and that the populations were in Hardy-Weinberg equilibrium (i.e. 
FIS = 0) in all statistical analyses. First we calculated the square root of the frequency of null 
homozygotes (frequency of band absences) and used that to calculate the frequency of null 
alleles (Stewart & Excoffier 1996). To take into account the different numbers of individuals 
analysed per population, we rarefied the data prior to the estimations by randomly sampling 
10 individuals (1000 simulations). In one population with only five individuals all individuals 
were analysed. Two estimates of within population genetic diversity were calculated: the 
percentage of polymorphic loci across loci and the expected Nei‘s gene diversity (He, Lynch 
& Milligan 1994, Peakall & Smouse 2005). For the alternative Bayesian allele frequency 
estimation procedure of Zhivotovsky (1999) we used the programme AFLP-SURV V1.0 
(Vekemans et al. 2002). All measures of genetic diversity were strongly correlated (r = 0.71 – 
0.96, p < 0.01), and we therefore present in the following only the results of the square-root, 
but rarefied estimate (He). Differences among mountain regions in genetic diversity were 
studied by analysis of variance. We investigated the relationship between genetic diversity 
and the explanatory variables longitude, latitude and population size by multiple regression 
analysis. Regressions were calculated with all possible combinations of explanatory variables. 
The Bayesian information criterion (BIC) was used to measure the strength of evidence for 
each tested model (Schwarz 1978). The models with the lowest BIC are presented in the 
results. Relationships between variables were illustrated by partial regression plots. Partial 
regression plots adequately present the results of multiple regression analyses as they show 
the effect of an explanatory variable after removing the effects of the other predictors (Moya-
Laraño & Corcobado 2008). 
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Genetic differentiation  
Based on allelic frequencies estimated by a square-root procedure, we calculated a matrix of 
pairwise PhiPT values as implemented in GenAlEX 6.41 (Peakall & Smouse 2005). In a 
second approach we calculated a matrix of pairwise FST values on the basis of allelic 
frequencies estimated by the Bayesian method implemented in AFLP-SURV V1.0 
(Vekemans et al. 2002). The matrices of pairwise PhiPT and FST values were highly correlated 
(rM = 0.95, p < 0.001, 1000 permutations, Mantel 1967), and therefore in the following only 
the results of the pairwise PhiPT values are reported. 
To visualise possible patterns of genetic differentiation between populations we performed a 
Principle Coordinate Analysis (PCoA) with GenAlEx 6.41 based on pairwise PhiPT values. 
Separation of the northern peripheral from the other populations along the first two PCoA 
axes was evaluated by ANOVAs. To quantify the distribution of genetic variation at different 
hierarchical levels we used analysis of molecular variance (AMOVA). We first calculated a 
four-level AMOVA using the total data set to study the partitioning of molecular variance (1) 
between peripheral northern and the other populations, (2) among the seven mountain regions 
within population types, (3) among populations within mountain regions, and (4) among 
individuals within populations. For a more focused test of the predictions of the abundant 
centre model, we reduced our data set and compared the peripheral northern with the central 
populations in the Alps with a three-level AMOVA (n = 56), and also compared the 
partitioning of molecular variance among and within populations for each population type 
separately. Analyses were carried out using the varcomp.glob function of the hierfstat R-
package (Goudet 2005), and the significance of variance components was tested using 1000 
permutations with the test.within and test.between.within functions of the package.  
Following Yakimowski & Eckert (2008) we tested the prediction that population genetic 
divergence should increase towards the range limit and with decreasing population size by 
calculating the mean pairwise genetic distance of each population from all others (mean 
PhiPT) and related it to latitude, longitude and population size. We tested the significance of 
the regressions by permuting the matrix of pairwise PhiPT-values 10 000 times and calculating 
the probability of obtaining an r2-value higher than that observed (two-sided test). 
 
Large and small scale population structure 
To test for isolation by distance patterns in the genetic structure, we performed correlations 
between pairwise genetic and geographic distances and evaluated them using Mantel tests 
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with 999 permutations (GenAlEx 6.1). We used the matrices of pairwise linearised PhiPT 
values [linPhiPT = PhiPT / (1 - PhiPT ); Rousset 1997] and log-transformed geographical 
distances. Analyses were performed using (1) all populations together, (2) separately for the 
peripheral northern populations and the other populations. To analyse whether mean pairwise 
linPhiPT values differed between various groupings of populations corrected for pairwise 
geographic distance, and whether there were differences in regression slopes, we calculated 
general linear models and evaluated the significance of terms with permutation tests (10 000 
permutations), using an R-script (R 2.12.1, R Development Core Team 2011). The reported p-
values were derived from the proportion of times the estimated F-values exceeded the 
observed values. Analyses were performed for (1) all populations to study differences 
between the peripheral northern and all other populations, and (2) the peripheral northern 
populations and those from the Alps. In all these analyses only distances within each group 
were used.  
To study the genetic population structure at a smaller scale, we evaluated the relationship 
between pairwise linearised genetic and geographic distances between pairs of populations 
that were not more than 11 km from each other. These analyses were carried out separately 
for all populations, and for the peripheral northern populations and those from the Alps. 
 
Bayesian population assignment 
To test how individuals are assigned to regions without prior information about their origin 
we carried out a Bayesian cluster analysis (STRUCTURE 2.3.1, Pritchard et al. 2000, 
Pritchard & Wen 2004). We assumed that populations were not admixed and that allele 
frequencies were correlated. The length of the burn-in and Markov-chain Monte Carlo 
(MCMC) was set to 10000; longer burn-in or MCMC did not change our results significantly. 
To find the optimum number of clusters (K) we analysed a series of 30 independent runs for 
each predefined K ranging from 1 to 16 and inspected the mean values of L(K), L' (K), L'' 
(K) and ΔK, as recommended by Evanno et al. (2005). To align the runs of the STRUCTURE 
simulation we used the programme CLUMPP V1.1.2 (Jakobsson & Rosenberg 2007).  
For each individual we calculated the provability of assignment to a certain cluster (Q). 
Subsequently, we calculated the mean Q of an individual within a population. To test whether 
mean Q was influenced by population type or mountain region we performed ANOVAs. We 
also evaluated the relative influences of population size, longitude, and latitude on mean Q by 
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multiple regression analysis. We present the results of models with the lowest BIC and 
illustrate the relationships between variables by partial regression plots. 
 
RESULTS 
Allele frequencies and genetic diversity 
Mean genetic diversity within populations (He) was 0.054 and differed significantly among 
mountain regions (F6,77 = 6.46, p < 0.001). Populations in the Alps were on average most 
genetically diverse, while those at the northern range limit were least diverse (Table 1). 
Simple regressions indicated that the genetic diversity of a population increased with its size 
(r = 0.29, p = 0.010) and with altitude (r = 0.45, p < 0.001), but in the model with most 
support according to the minimum BIC only latitude and longitude were included. The 
genetic diversity of a population strongly decreased with latitude from the centre of the 
distribution in the south towards the northern range limit (Table 2, Fig. 2a), and increased less 
strongly from west to east (Fig. 2b).  
 
 
Table 1. Mean gene diversity (He ± 1 SE) in populations of Carduus defloratus in seven 
mountain regions. Genetic diversity within populations differed significantly among regions 
(F6,77 = 6.46, p < 0.001).  
Region He Number of studied populations 
Ohmgebirge & Werrabergland 0.045 ± 0.002 11 
Ilm-Saale-Platte 0.046 ± 0.002 5 
Franconian Alb 0.053 ± 0.005 5 
Swabian Alb 0.051 ± 0.002 8 
Swiss Jura 0.054 ± 0.002 9 
W-Alps 0.055 ± 0.001 17 
E-Alps 0.059 ± 0.002 23 
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Table 2. Significant influences on mean gene diversity (He) in 78 populations of Carduus 
defloratus in Central Europe. The model is presented for which the Bayesian information 
criterion is minimal. Potential explanatory variables were latitude, longitude, and population 
size.  
Dependent 
variable r2 F Explanatory variable β t 
He 0.41 26.22*** Latitude -0.62  -6.81***
  Longitude 0.38   4.10***
Notes: degrees of freedom, 75; ***, p < 0.001. 
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Figure 2. The relationship between the mean genetic diversity in populations of Carduus 
defloratus and (a) their latitude and (b) their longitude. Shown are partial regression plots of 
the influence of an explanatory variable after partialing out the effects of the other variable in 
the multiple regression model. For statistical analysis see Table 2. 
 
Genetic differentiation 
About 51% of the total variation in pairwise PhiPT values was explained by the first two PCoA 
axes. The very disjunct populations at the northern range limit and the southern populations 
were well separated along the first PCoA axis (F1,76 = 109.04, p < 0.001, Fig. 3). An AMOVA 
also indicated that the peripheral northern populations were genetically differentiated from the 
rest of the studied populations, but the proportion of variation due to these differences was 
quite small (Table 3a). Slightly larger was the differentiation of the peripheral populations 
from the central populations in the Alps (Table 3b). The proportion of variation due to genetic 
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differentiation among populations was higher for the peripheral northern populations (16.1% 
of the variation, Table 3c) than for the other populations (12.1%, Table 3d).  
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Figure 3. Two-dimensional plot of the Principle Coordinate Analysis of pairwise genetic 
distances (PhiST) between 78 Central European populations of Carduus defloratus. The 
northern peripheral and the other, more central populations are delimited by minimum convex 
polygons.  
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Table 3. Partitioning of genetic variation by analyses of molecular variance among variously 
defined groups of populations, and among and within populations of Carduus defloratus.  
          Source of variation df VC 
Proportion 
(%) 
(a) All populations                      
         Peripheral northern vs. other  1 1.48             3.7* 
         Among mountain regions within groups 5 0.76 1.9**
         Among populations within mountain regions 71 4.48 11.0**
         Within populations 932 33.89 83.5**
(b) Peripheral northern and populations from the Alps  
         Peripheral northern vs. Alps 1 1.08 5.2**
         Among populations within groups 54 2.39 11.7**
         Within populations 669 16.97 83.0**
(c) Peripheral northern populations  
          Among populations 15 2.64 16.1**
          Within populations 197 13.69 83.9**
(d) All except peripheral populations  
          Among populations 61 2.46 12.1**
         Within populations 735 17.82 87.9**
Notes: df, degrees of freedom; VC, variance component; *, p < 0.05; **, p < 0.01. 
 
Large and small scale spatial genetic structure 
Linearised genetic distances (linPhiST) between pairs of populations increased significantly 
with their geographical distances in the total data set (rM = 0.35, p < 0.01) and among 
populations of both the peripheral northern (rM = 0.59, p < 0.01) and the other populations 
separately (rM = 0.30, p < 0.01, Fig. 4a). The mean pairwise linPhiPT value was significantly 
higher (Table 4a) among the peripheral northern than among the rest of the populations (0.207 
vs. 0.146,), even when differences in geographical distance were taken into account. Genetic 
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distance increased far more strongly with geographical distance among populations at the 
northern range limit than among the other populations (slope of the regression line, b, 0.062 
vs. 0.037). A very similar pattern was found when the very disjunct, northern populations 
were compared only with the populations in the Alps (Table 4b). Population genetic 
divergence (mean linPhiPT) increased strongly with latitude, i.e. towards the range limit (r = 
0.62, p < 0.001, permutation test; Fig. 5), decreased with altitude (r = - 0.38, p < 0.01) and 
population size (r = - 0.32, p < 0.01), and was not influenced by longitude (r = 0.18, p = 0.12). 
In multiple regressions, none of the other variables increased significantly the r2 of the model 
with only latitude as predictor (all p > 0.22).  
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Figure 4. The relationship between linearised pairwise genetic and geographic distances 
between populations of Carduus defloratus in Central Europe. Comparison of the peripheral 
northern and other populations.  
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Table 4. Results of general linear models of the effect of geographical distance, population 
groupings and their interaction on linearised pairwise genetic distances between populations 
of Carduus defloratus in Central Europe at two spatial scales. (a) Among all populations, 
maximum distance 679 km; (b) among the peripheral northern (maximum distance 119 km) 
and the populations from the Alps (maximum distance 666 km). The analysis at the small 
spatial scale only includes pairs of populations less than 11 km apart from each other. P-
values were obtained by permutation tests using 10000 random permutations. 
  Large spatial scale Small spatial scale 
     Source of variation df F p F p 
(a) All populations      
     Geographic distance 1 99.41 < 0.001   2.84    0.09 
     Type (Peripheral northern vs. other) 1 273.99 < 0.001 14.15 < 0.001 
     Distance x Type 1 9.98 < 0.01  8.27 < 0.01 
     
(b) Peripheral northern and populations from the Alps  
     Geographic distance 1 32.82 < 0.001 10.09 < 0.01 
     Peripheral northern vs. Alps (Type) 1 461.58 < 0.001 25.83 < 0.001 
     Distance x Type 1 19.25 < 0.001  2.76    0.10 
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Figure 5. The relationship between population genetic divergence, measured as the mean 
genetic distance between a population of Carduus defloratus and all other populations, and 
latitude. 
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At a scale of less than 11 km, the genetic distance between pairs of populations increased 
significantly with geographic distance among the northern peripheral populations, but not 
among the other populations (slope 0.072 vs. -0.002; Fig. 6a, Table 4a), and the peripheral 
populations were thus on average stronger differentiated than the others (linPhiST, 0.138 vs. 
0.099). Across the peripheral northern and the central populations in the Alps, pairwise 
genetic distances increased significantly with pairwise geographic distances (Table 4b). 
Compared with the total data set, the effect of group was increased, but differences in b were 
not significant (0.072 vs. 0.026). 
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Figure 6. Small-scale population differentiation in Carduus defloratus. The relationship 
between linearised pairwise genetic and geographic distances between populations. Only 
distances between populations that were less than 11 km from each other were included. 
Solide line indicates northern peripheral populations, dashed line indicates the other 
populations; for statistics see text. 
 
Bayesian population assignment 
The optimum number of two clusters (K = 2) corresponded to the number of population types. 
However, in no population were all individuals assigned to a single cluster (Fig. 7a). 
Nevertheless, the mean probability of an individual to be assigned to cluster 2 was larger in 
the peripheral northern than in the rest of the populations (79.5% vs. 37.6%,  F1,76 = 35.73, p < 
0.001, Fig. 7b). The mean probability of assignment to cluster 2 varied significantly among 
the mountain regions (F7,70 = 7.93, p < 0.001). The regression model with the lowest BIC 
included the explanatory variables latitude and longitude (r2 = 0.40, F2,75 = 25.30, p < 0.001). 
The mean probability of individuals of assignment to cluster 2 increased significantly with the 
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latitude (β = 0.60, t = 6.46, p < 0.001) of the populations, but decreased with longitude (β = -
0.42, t = -4.50, p < 0.001, Fig. 8a,b). 
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Figure 7. Results of Bayesian cluster analysis of AFLP-haplotypes in 78 populations of 
Carduus defloratus. (a) Mean probability that an individual of a population is assigned to 
each of two clusters (b) Mean probability of northern peripheral and other populations of 
being assigned to cluster 2.  
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Figure 8. Partial regression plots of the relationship between the mean probability that an 
individual in a C. defloratus population belongs to cluster 2 and the significant explanatory 
variables (a) latitude and (b) longitude. For statistical analysis see text.  
 
DISCUSSION  
In agreement with the abundance centre model (Brown 1984) the size of populations of C. 
defloratus decreased and the isolation between them increased towards the northern range 
limit (Chapter 2). We also found the changes in population genetic diversity and 
differentiation across the studied area that is predicted as a result of this pattern of abundance 
(Ellstrand & Elam 1993, Lesica & Allendorf 1995). Genetic diversity within populations of C. 
defloratus decreased from the centre of the species distribution in the Alps towards the very 
disjunct populations at the northern range limit in Germany, whereas their distinctness 
increased. The differentiation between populations was higher at the range limit than at the 
centre. However, contemporary population size explained little of the patterns found. 
 
Genetic structure among populations  
In C. defloratus the molecular genetic differentiation between pairs of both central and 
peripheral populations increased strongly with their geographic distance, a pattern known as 
isolation by distance (IBD, Hutchison & Templeton 1999). Such a pattern indicates gene flow 
between neighbouring populations (Hutchison & Templeton 1999, Rousset 1997, Eckstein et 
al. 2006). However, the IBD pattern observed for peripheral populations cannot reflect current 
gene flow, because the peripheral populations are very disjunct and the dispersal of C. 
defloratus is poor. Because of its disjunct distribution, its cold tolerance and its virtual 
restriction to permanently treeless habitats C. defloratus is considered to be a glacial relict in 
duals
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Central Europe outside of the Alps (Lange 1996). The genetic pattern observed may thus 
reflect the much higher gene flow during the last glaciation, when conditions were generally 
more favourable for the species at lower altitudes and the species was probably much more 
common outside of the Alps. With the spread of trees, the species would have become 
restricted to the current open, usually treeless habitat on rocks and cliffs, where the genetic 
structure was preserved due to the longevity of the species that reduces genetic drift. As C. 
defloratus is a clonal plant, it is potentially immortal. The Alps could have been recolonised 
from populations at the northern and southern edges of the Alps (see Schönswetter et al. 2002, 
2005). Similar patterns of IBD in spite of strong current isolation between populations have 
been found for the long-lived ice age relict plants like Saxifraga paniculata (Reisch et al. 
2003) and Dodecatheon amethystinum (Oberle & Schaal 2011). 
However, our results also indicate that in spite of the longevity of the species, small and 
isolated populations were nevertheless affected by drift. The genetic variation of small 
populations was reduced and genetic differentiation between the more isolated peripheral 
populations increased more strongly with geographic distance than between central 
populations, indicating a stronger effect of genetic drift at the northern range limit of the 
species in line with the predictions of the ACM. This interpretation is also supported by the 
increase in mean genetic divergence towards the range margin, indicating that peripheral 
populations are more distinct. In contrast, in Vaccinium stamineum (Yakimowski & Eckert 
2008) the genetic distinctness of populations was not related to their range position. Few 
studies have compared the slopes of the IBD relationships between peripheral and central 
populations. Hamilton & Eckert (2007) performed such an analysis and in agreement with our 
results they found significantly greater genetic distances between peripheral than between 
central populations of Geum trifolium at a given pairwise geographical distance. However, in 
contrast to our results the slopes of the regression lines did not differ significantly between 
population types. In a recent, study on the genetic structure of disjunct, edge and core 
populations of Pulmonaria officinalis (Meeus et al. 2012) significant IBD was found for 
disjunct and edge populations, but not for core populations. The authors suggest that historical 
processes influenced the genetic structure of P. officinalis. 
Factors contributing to a significant pattern of IBD have been much discussed but are not well 
understood and generalisations are difficult (Moyle 2006, Kuss et al. 2008, Meirmans 2012). 
It has been assumed that the significance of the relationship of genetic distances between pairs 
of populations and their geographic distances and the value of the regression slope depends on 
the interplay of several factors like effective population size, persistence of populations, 
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physical barriers and dispersal ability of individuals, but also maximum geographic sampling 
distance (Garnier et al. 2004, Crispo & Hendry 2005, Moyle 2006, Kuss et al. 2008). The 
strong effect of IBD on the genetic data of C. defloratus sampled across the range of the 
species may explain why no clear clustering of the very disjunct northern or the other 
populations of C. defloratus was found. In a recent study it has been shown that the number of 
clusters can be overestimated if the data analysed by spatial Bayesian methods are 
characterised by IBD (Frantz et al. 2009). Nevertheless, in our study we detected only two 
clusters and the mean probability of assignment to a cluster was related to its range position. 
 
Genetic diversity within populations 
In line with the prediction of the ACM, the genetic diversity within populations of C. 
defloratus decreased towards the northern range limit. This continuous decline of genetic 
diversity is in contrast to the results of most other studies that analysed continuous changes in 
population genetic patterns across the distributional range of a species (ref. in Eckert et al. 
2008, Yakimowski & Eckert 2008), and not only compared two population types (peripheral 
vs. central). However, a few other studies along gradients also found the patterns predicted by 
the ACM. Genetic diversity decreased with latitude towards the northern range limit of 
Cirsium acaule in Britain (Jump et al. 2003). At the southern hemisphere genetic diversity 
decreased from southern central populations of Polylepis australis in Argentina towards the 
northern peripheral populations suggesting an equatorward migration following past climatic 
changes (Hensen et al. 2011). In contrast to studies along gradients in range position, most of 
the studies comparing only a few central and peripheral populations found both lower genetic 
diversity and higher differentiation at the range margin (Eckert et al. 2008, but see Wagner et 
al. 2011).  
The reasons for the different results based on continuous and categorical studies are not clear 
(Yakimowski & Eckert 2008). A possible explanation could be that in many species the 
abundance and thus genetic diversity does not decline continuously towards the range margin 
as predicted by the ACM, but that peripheral populations differ from all others (rare - 
periphery hypothesis, Gaston 2009).  
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The effect of population size on genetic diversity 
The genetic diversity of populations of C. defloratus and their mean genetic distinctness were 
best explained by the range position (latitude) of a population. Genetic diversity was also 
related to the size of populations, but the correlation was weak although significant, and 
population size did not explain a significant amount of variation in addition to latitude. A 
possible explanation for the small influence of current population size on genetic diversity is 
that effective population size and the number of ramets may be only weakly related, because 
C. defloratus is a clonal species (see Wolf et al. 2000) and the number of genets is not known. 
Moreover, current population sizes may be different from those in the past, as has also been 
suggested for the long-lived Gypsophila fastigiata (Lönn & Prentice 2002) and the moss 
Sphagnum angermanicum (Urban et al. 2005). Similarly weak relationships between 
population size and genetic diversity across a species distribution as in C. defloratus have 
been also found in the long-lived Gypsophila fastigiata (Lönn & Prentice 2002). In most 
studies a positive relationship between genetic diversity in neutral genetic markers and plant 
population size has been found (Leimu et al. 2006). 
 
CONCLUSIONS 
We analysed changes in genetic diversity of populations and differentiation between them 
along a central-peripheral gradient in a long-lived species that is considered to be a glacial 
relict outside of the Alps. Analyses of AFLP markers indicated that in agreement with the 
abundant centre model the genetic structure of C. defloratus was influenced by the range 
position of populations, as genetic diversity of populations declined and differentiation 
between them increased with latitude, i.e. towards the range margin. However, our results 
suggest that patterns of genetic variation in long-lived species may be influenced more by 
patterns of historical gene flow than by current population size (Reisch et al. 2003, Oberle & 
Schaal 2011).  
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ABSTRACT 
The abundant centre model (ACM) predicts that because of smaller size and greater isolation 
of populations at the range margin the genetic variability within populations will be lower and 
differentiation between populations higher than at the centre of the distribution of a species. 
These predictions have mostly been supported by studies of variation in neutral molecular 
markers, but have not been tested using evolutionary important quantitative traits. We 
sampled seeds from individuals of Carduus defloratus from 32 populations along a gradient 
from the centre of the species distribution in the European Alps to its northern range limit in 
the low mountains of central Germany. To study the variation in 18 quantitative traits and to 
compare it with that of AFLP markers plants from different seed families were grown up in a 
common garden. The genetic variability of quantitative traits was not related to neutral marker 
variation in populations, did not increase with population size, and for most traits did not 
decrease towards the range margin. Genetic differentiation between populations in many 
quantitative traits (QST) was higher than that in molecular markers (PhiST), indicating 
divergent selection. Trait means differed among populations and were related to 
environmental gradients, indicating adaptive differentiation. Genetic distances between 
populations (Mahalanobis distances) based on vegetative and reproductive traits increased 
more strongly with geographical distance in peripheral than in other populations, indicating 
less differentiation in quantitative traits at the range periphery. Only genetic distances 
between populations based on vegetative, but not reproductive traits, were related to marker-
based distances. The results indicate that patterns of genetic variation in quantitative traits 
which may be under selection do not follow the predictions of the ACM. Peripheral 
populations of plants may contain alleles important for the adaptation to changing conditions. 
The results also confirm that the variation in molecular markers is a poor predictor of 
variation in quantitative traits.  
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INTRODUCTION 
Biogeographical models predict that populations become smaller, less dense, more 
fragmented, and less reproductive from the distribution centre of a species towards its range 
margin as conditions become less favourable (Brown 1984, Brown et al. 1996, Gaston 2009). 
The greater isolation and smaller size of peripheral populations should lead to less gene flow 
among populations and stronger genetic drift, resulting in higher differentiation among 
populations and lower within-population genetic diversity in peripheral regions (Hampe & 
Petit 2005, Eckert et al. 2008, Gaston 2009).  
Populations at their range margins are often of special concern for conservation (Hamilton & 
Eckert 2007), but the conservation value of peripheral populations has been a matter of debate 
(Lesica & Allendorf 1992, 1995, Van Rossum et al. 2003). Because of stochastic loss of 
genetic variation, such populations may have low evolutionary potential (Lesica & Allendorf 
1995, Vucetich & Waite 2003, Eckert et al. 2008) and because of their small size populations 
may be more strongly threatened by random environmental fluctuations (Matthies et al. 
2004). It has therefore been argued that conservation efforts should be concentrated on large 
populations which are mostly situated in the centre of a distribution (Lesica &Allendorf 
1995). However, selection regimes in peripheral populations are likely to be different from 
those in central populations and together with reduced gene flow this will lead to rapid genetic 
divergence and local adaptation in peripheral populations. It has thus been suggested that 
peripheral rather than central populations harbour the bulk of a species’ genetic diversity (e.g. 
Petit et al. 2003, Hewitt 2004, Hampe & Petit 2005). Peripheral populations may harbour 
important adaptations (Lenormand 2002), may facilitate shifts in the geographical distribution 
of a species in response to climate change (Etterson & Shaw 2001, Kramer & Havens 2009), 
and may even be considered essential for the survival of a species (Safriel et al. 1994). In 
particular, disjunct populations, i.e. peripheral populations which are situated well outside the 
core of a species’ distribution, may have a unique gene pool (Hamilton & Eckert 2007). 
Comparisons of the genetic diversity of central and peripheral populations have almost 
exclusively been concerned with variation in molecular markers and there has been little 
effort to test whether the geographical trends in neutral variation are reflected by quantitative 
trait variation, which is likely to influence the adaptive potential of populations (Eckert et al. 
2008, Kramer & Havens 2009, but see Volis et al. 1998). Large-scale quantitative genetic 
comparisons of peripheral vs. central populations could evaluate fundamental predictions of 
evolutionary theory as well as the conservation value of peripheral populations (Hamilton & 
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Eckert 2007), but are very rare (Sagarin & Gaines 2002, Angert 2006, Hamilton & Eckert 
2007, Eckert et al. 2008).  
Molecular and quantitative genetic variation are often only weakly correlated, because in 
contrast to variation in molecular markers which is supposed to be only influenced by drift, 
quantitative traits are usually also under selection (Reed & Frankham 2001, Volis et al. 2005, 
Leinonen et al. 2008). The role of selection as compared to drift for population differentiation 
can be assessed by a comparison between FST-values and their equivalent for quantitative 
traits (QST-values; Steinger et al. 2002, Volis et al. 2005, Leinonen et al. 2008). There are 
three outcomes of such a study: (1) If QST > FST, this is commonly interpreted as evidence for 
divergent selection and adaptation to local environments; (2) if QST and FST are similar, 
genetic drift alone is thought to be sufficient for explaining the observed genetic 
differentiation; (3) if QST < FST, this is interpreted as indicating convergent selection that 
favours the same genotypes at different sites (Volis et al. 2005). A recent review concluded 
that QST-values are on average higher than FST-values, suggesting an important role for 
natural selection as a cause of population differentiation in quantitative traits (Leinonen et al. 
2008). Quantitative might not exceed molecular genetic differentiation if selection has not had 
enough time to drive divergence (Whitlock & McCauley 1999). In the rare Liatris scariosa 
the small size of many of the studied populations may have resulted in reduced effectiveness 
of selection relative to random genetic drift (Gravuer et al. 2005). Evidence for unifying 
selection (QST < FST) has been reported for the plants Clarkia dudleyna (mean QST, Podolsky 
& Holtsford 1995), Brassica insularis (mean QST, Petit et al. 2001), and for fitness related 
traits of Scabiosa columbaria from the Swiss Jura mountains (Scheepens et al. 2010).  
Here we compare quantitative traits and their genetic variation obtained in a common garden 
experiment with plants of Carduus defloratus L. (Asteraceae) from 32 populations along a 
gradient from the centre to the periphery of the distribution of the species in Central Europe. 
As predicted by biogeographical models (Brown 1984, Gaston 2009) populations of C. 
defloratus in Central Europe become smaller, less dense, more fragmented, less reproductive 
(Chapter 2) and genetically less diverse at marker loci, but more strongly differentiated from 
their distribution centre in the Alps towards the northern range limit (Chapter 4). To evaluate 
the role of selection compared to drift we compare QST and PhiST values (FST equivalent for 
dominant markers) and test for correlations between quantitative and molecular genetic 
distances between populations. Recently, Whitlock (2008) has criticised QST vs. FST 
comparisons and advocated instead to relate population trait means of plants grown in a 
common garden to environmental gradients to detect patterns caused by selection. We thus 
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also relate trait means to environmental gradients as an alternative method to detect divergent 
selection. 
We asked the following specific questions: (1) Does the genetic variation in quantitative 
genetic traits decrease towards the range margin and increase with population size? Is the 
quantitative genetic variation correlated with molecular genetic variation? (2) Is the 
quantitative genetic differentiation higher between peripheral than between central 
populations, and does it increase with geographical distance and molecular genetic 
differentiation between populations? (3) Is the genetic differentiation between populations 
higher for quantitative traits than for molecular markers?  
 
MATERIALS AND METHODS 
Study species 
C. defloratus is a diploid, long-lived perennial with a mixed mating system. The clonal plant 
produces one or more rosettes. From June to October the rosettes produce one ore more 
inflorescences, each with a single flowerhead (capitulum). The achenes posses a pappus and 
are dispersed by wind. However, dispersal by wind is probably very limited because the 
achenes are large (2 mg). Dispersal in the related species C. nutans and C. acanthoides is 
usually less than 5 m (Skarpaas & Shea 2007).  
In Central Europe C. defloratus occurs from the Alps in the south to the central German low 
mountain ranges in the north. It also occurs south of the Alps in the Italian Appenines, further 
southwest in the Pyrenees and further east in the Tatra mountains (Meusel & Jäger 1992). In 
the Alps C. defloratus is a common species of alpine grassland and on rocks at higher 
altitudes, where it covers large, continuous areas. In contrast, towards the northern range limit 
the species becomes increasingly rare and is restricted to rocks, cliffs and open woodlands 
where trees are scarce, but partially shading the populations. The altitudinal range of C. 
defloratus is large, from 300 m at the northern range limit to 2600 m in the Alps (Landolt 
2003). 
 
Field measurements and seed sampling 
In summer 2006 we selected 32 populations of C. defloratus in Central Europe along a 
gradient from the distribution centre in the Alps to the northern peripheral populations in the 
low mountains of Hesse and Thuringia (Fig. 1). This gradient is both a gradient of increasing 
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latitude (46.5 - 51.3 °N) and decreasing altitude (373 - 1611). Because altitude and latitude 
were highly correlated (r = -0.81), we used principle component analysis to reduce the two 
geographical variables to a single principle component ("centrality") which increased with 
altitude and decreased with latitude. With centrality, mean temperature decreased (r = -0.76, p 
< 0.001) and precipitation (r = 0.95, p < 0.001) increased strongly. The temperature and 
precipitation data were obtained from the WorldClim database (Hijmans et al 2005). We 
related the differences in mean annual temperature and precipitation between pairs of 
populations within population types to their geographical distance and evaluated the 
correlations by Mantel tests (Mantel 1967). The correlation between temperature distance and 
geographic distance between pairs of populations of C. defloratus was significant (r = 0.40, p 
< 0.001) as was the correlation between precipitation distance and geographic distance (r = 
0.48, p < 0.001). 
For certain analyses, the populations were divided into three groups: (1) Peripheral 
populations from the northern range limit in the Werrabergland, Ohmgebirge and Ilm-Saale-
Platte regions, (2) central populations from the Alps, and (3) intermediate populations from 
the regions in between, i.e. the Franconian Alb, Swabian Alb and Swiss Jura (Fig. 1).  
For each population, its longitude, latitude, and altitude were determined with a GPS. We 
determined population size as the number of flowering ramets. In each population three to 
five plots of 1 x 1 m were selected at random at their densest part. Within each plot we 
estimated the total cover of all vascular plants, the height of flowering ramets of C. defloratus 
and measured the length of the longest leaf. For the later determination of the specific leaf 
area (SLA) one fully developed leaf was sampled from six to 22 individuals per population, 
pressed and dried between sheets of paper. Ripe fruitheads were sampled from 10-15 plants, if 
available. We only sampled leaves from plants that were not chosen for fruithead sampling. 
At the end of May 2007 seeds were germinated and 2 - 10 (median, 3) randomly selected 
seedlings per family were transplanted individually into 2 l plastic pots filled with a mixture 
of 80% nutrient-poor commercial soil (TKS 1, Floragard Vertriebs GmbH, Oldenburg) and 
20% sand, and placed into flower beds in the Botanical Garden of the University of Marburg.  
In total, we transplanted 905 seedlings of C. defloratus from 307 seed families and 32 
populations. 
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Figure 1. Map of the distribution of the alpine thistle Carduus defloratus ssp. defloratus in 
Central Europe (after Meusel & Jäger 1992). The distribution area is bounded by the irregular 
black line. The circles indicate the location of the 32 studied populations. Red dots indicate 
the 10 peripheral populations from the northern range limit in the Werrabergland, 
Ohmgebirge and Ilm-Saale-Platte regions; gray dots indicate the locations of the 14 central 
populations from the Alps; white squares indicate the locations of the eight intermediate 
populations from the regions in between i.e. the Franconian Alb, Swabian Alb and Swiss Jura. 
 
In August 2007 (after 12 weeks of growth) we recorded the length and width of the largest 
leaf for every plant as a measurement of plant size. Leaf chlorophyll content of this leaf was 
measured using a hand-held chlorophyll meter (SPAD-502, Minolta) and converted into 
chlorophyll concentration using a calibration equation by Richardson et al. (2002). We 
sampled one fully developed rosette leaf of each individual. The leaves were dried between 
sheets of paper, scanned, and weighed individually. From the scanned images the total area 
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and the perimeter of the leaves were determined with the ImageJ 1.40 software 
(http://rsb.info.nih.gov/ij/). Moreover, the length of one spine was measured at the widest part 
of the left half of the leaf. To determine the depth of the incision of leaves, we measured the 
distance from the tip of the longest lobe to its base.  
In summer 2008 the date of first flowering of each individual was recorded as number of days 
since 1 January 2008. Several variables related to the size of flowerheads (diameter of 
capitulum basis, capitulum height, petal length) were measured for each plant as soon as it 
flowered. In July 2008 the number of rosettes, rosette leaves and flowerheads were counted 
for each plant, and the following traits measured: the length of each inflorescence stalk, the 
number of leaves of the longest shoot, and the distance between the uppermost leaf and the 
flowerhead (leaf capitulum distance). Three further variables were derived from these data: 
inflorescence height as the length of the longest inflorescence stalk, cumulative stalk length as 
the sum of all inflorescence stalks, and the mean length of an internodium as inflorescence 
height divided by the number of leaves along the shoot. 
 
Statistical analysis  
To obtain factors that combine several correlated vegetative and reproductive traits, we used 
principle component analysis. The first vegetative principle component (LEAFSIZE) 
explained 21.2% of the variation and was strongly related to traits that determine leaf size, 
like leaf length and width (Table 1). The second component (PLANTSIZE, 20.2%) was 
strongly related to traits measuring vegetative size like the number of rosettes and leaves. The 
first reproductive principle component (CAPITSIZE) explained 22% of the variation and was 
related to traits describing the size of the capitula. The reproductive principle component 
(INFLSIZE) explained 21.5% of the variation and was related to traits that measure the size of 
the inflorescence like the number of capitula and stalk length, but it was also negatively 
related to time until flowering.  
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Table 1. Loadings of vegetative and reproductive traits of Carduus defloratus on principal 
components derived from (a) vegetative and (b) reproductive traits. The strongest correlations (r > 
0.45) are in bold-face. 
 
  PC1 (LEAFSIZE) PC2 (PLANTSIZE)
(a) Vegetative traits   
     Leaf length 0.87 0.11
     Leaf width 0.86 -0.08
     Leaf perimeter 0.56 -0.08
     Number of rosettes -0.04 0.91
     Number of leaves 0.04 0.92
     Specific leaf area -0.24 0.16
     Spine length 0.21 -0.08
     Incisiveness -0.02 0.15
     Chlorophyll content -0.07 0.22
  
(b) Reproductive traits PC1 (CAPITSIZE) PC2 (INFLSIZE)
     Diameter of capitulum basis 0.71 -0.27
     Capitulum height 0.75 0.02
     Petal length 0.61 -0.05
     Date of first flowering -0.56 -0.46
     Number of capitula -0.22 0.91
     Cumulative stalk length 0.05 0.87
     Inflorescence height 0.37 0.24
     Length of an internodium -0.12 0.08
     Distance uppermost leaf - capitulum  0.11 0.00
 
To analyse variation among populations of C. defloratus in quantitative traits we used two 
approaches. We compared trait means for the three population types (peripheral, intermediate, 
central) by analyses of variance of population means and we analysed which variables 
influenced trait means through multiple regression analyses. Potential explanatory variables 
were centrality (i.e. position within the central-peripheral gradient), longitude, vegetation 
cover, and population size. The strength of evidence for each possible model was assessed by 
the Bayesian information criterion (BIC). In the results we present the models with the lowest 
BIC, but only those that were significant. Population size was log-transformed prior to 
analysis.  
We tested for significant variability of traits among populations and families within 
populations using nested analyses of variance. Variance components for populations (VPop), 
families within populations (VFam)  and individuals within families (VRes) were calculated by 
QUANTITATIVE GENETIC VARIATION WITHIN AND BETWEEN POPULATIONS  88 
 
restricted maximum likelihood (REML) using the varcomp function (package ape) and lme 
function (package nlme) of R 2.12.1 (R Development Core Team 2011).  
The calculated variance components were the basis for the following estimation of 
quantitative genetic measures. To assess the genetic variation of populations we estimated the 
heritability (h2) and the genetic coefficient of variation (CVgenetic, also called evolvability, 
Houle 1992) for each trait. The genetic differentiation among populations in quantitative traits 
was assessed by QST. Since the paternity of the seeds collected from a flowerhead is not 
known and C. defloratus is self-compatible we assumed that members of a seed family are on 
average related as full-sibs rather than half-sibs, which is considered conservative (Podolsky 
& Holtsford 1995, Storfer 1996). We also assumed that maternal effects are weak and that 
most of the genetic variance was additive (cf. Waldmann &Andersson 1998). We thus used 
the following formulas (Houle 1992, Waldmann & Andersson 1998, Jimenez-Ambriz et al. 
2007):  
(i) h2 = 2VFam  / (VFam + VRes) 
(ii) CVgenetic = SQRT(2*VFam) / Mean  
(iii) QST = VPop / [(4 VFam + VPop)]  
CVgenetic and h2 were strongly correlated for all traits (r = 0.72 – 0.97, p < 0.0001). As it has 
been argued that CVgenetic is a more suitable measure of evolutionary potential (Houle 1992, 
Hansen et al. 2011), we present in the following only the results for CVgenetic. We estimated 
the 95% confidence interval for each QST by the jackknife procedure over populations 
following O'Hara and Merilä (2005). We analysed the relationship between evolvability and 
possible explanatory variables (vegetation cover, centrality, longitude, population size) by 
multiple regressions and present the results of the models with the lowest BIC, but only those 
that were significant. We also analysed the relationship between evolvability and molecular 
genetic variation in populations by correlating the CVgenetic-values for traits with Nei's gene 
diversity corrected for sample size based on AFLP markers (see Chapter 4). For the 
calculation of Nei's gene diversity, we identified and excluded loci that are putatively under 
selection using BAYESCAN 2.01 (Foll et al. 2008) with the false discovery rate set to 0.001.  
We compared the genetic differentiation between populations for quantitative traits with the 
overall molecular genetic differentiation between populations by comparing the QST-values 
for the various quantitative traits with the overall PhiST-value derived from an analysis of 
molecular variance (AMOVA, Excoffier et al. 1992).  
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To estimate the quantitative genetic differentiation between populations we calculated 
Mahalanobis distances (Knapp &Rice 1998, Bekessy et al. 2003, Gravuer et al. 2005) 
between populations based on family means of vegetative and reproductive traits. 
Mahalanobis distances measure distances in multivariate space taking into account 
correlations among traits and are independent of the scale of the traits (Legendre &Legendre 
1998). To analyse the relationship between quantitative genetic distances between populations 
and pairwise geographic distances, and to compare the relationships among the three types of 
populations, we used general linear models relating the pairwise Mahalanobis distances 
between populations within the three groups to log-geographical distance, the factor 
population type, and their interaction. We further partitioned the factor population type into 
the two contrasts peripheral vs. other populations, and central vs. intermediate populations. 
The significance of terms was determined with permutation tests (10000 permutations), using 
an R-script. We derived the reported p-values from the proportion of times the F-values for 
permutated datasets exceeded the observed values. In an analogous way we tested for 
differences in relationships between quantitative and molecular genetic distances that had 
been estimated as linearised PhiST-values (Rousset, 1997, Peakall & Smouse 2005, see 
Chapter 4).  
 
RESULTS 
Comparison of quantitative traits among population types 
In the common garden, all vegetative and reproductive traits and the first two principle 
components extracted from each group of traits (Fig. 2a,b) varied significantly among 
populations (all p < 0.05), and with the exception of internodium length, all traits also varied 
among families within populations (all p < 0.05). Plants from the three types of populations 
also differed in a number of traits in the common garden. Plants from the peripheral northern 
populations produced larger leaves than plants from the other population types (Table 2a,b). 
In contrast, plants from central (alpine) populations produced more rosettes and leaves, but 
smaller capitula on lower flower stalks. Moreover the form of leaves of plants from central 
populations differed from that of other plants, as they were more strongly incised. 
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Figure 2. Illustration of the mean principle components averaged among individuals, families and 
among families within each of 32 populations of Carduus defloratus for (a) vegetative and (b) 
reproductive traits. The northern peripheral, the intermediate, and the southern central populations are 
delimited by minimum convex polygons.  
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Table 2: Trait means for plants from peripheral, intermediate, and central populations of 
Carduus defloratus grown in a common garden. 
 Population type    
 Peri. Inter. Central   F2,29  
(a) Vegetative traits    
     Leaf length (cm) 15.2A      13.2B      12.9B  15.83***  
     Leaf width (cm)   5.9A       5.2B        4.9B  13.83***  
     Number of rosettes   1.5A       1.9A,B        2.3B    7.89**  
     Number of leaves 19.3A     21.3A      26.2B    8.49**  
     Specific leaf area (cm2 mg-1) 11.2A     11.3A,B      12.2B    4.98*  
     Spine length (mm)   2.1       1.9        2.0    1.23  
     Incisiveness (mm)   5.0A       4.6A        6.8B    8.65**   
     Chlorophyll content (μg cm-2) 40.5      44.5       42.3    1.26  
     Leaf perimeter (cm) 67.9A      56.8B       57.1B    9.68***  
     PC1veg  (LEAFSIZE)   5.7A        4.9B         4.6B  22.53***  
     PC2veg (PLANTSIZE)   4.6A        4.9A,B         5.3B    8.64**  
       
(b) Reproductive traits       
    Inflorescence height (cm) 50.1A      48.1A      41.7B    8.65**  
     Internodium length (cm)    5.4        5.7        5.6     0.59  
     Cumulative stalk length (cm) 83.7      84.5      80.7     0.15  
     Leaf - capitulum distance (cm) 12.3      13.3      12.8     0.52  
     Number of capitula   2.4        2.5        2.6     0.81  
     Diameter of capitulum basis (mm) 11.1A,B      11.4A      10.4B     4.04*  
     Capitulum height (mm) 12.1A      12.0A,B      11.5B     5.44**  
     Petal length (mm)   9.4A        9.6A        8.9B     8.21**  
     Time until flowering (Julian day) 155       154      154     0.08  
     PC1repro (CAPITSIZE)   5.2A        5.2A        4.7B     7.48**  
     PC2repro (INFLSIZE)   4.9        4.9        5.0     0.16  
 
Clinal variation in quantitative traits 
In multiple regression analyses, most of the vegetative traits and the two principle 
components were related to the centrality of a population, and some to its longitude (Table 
3a), while the size of the population of origin had no influence. Leaf length, leaf width, leaf 
perimeter and the principle component LEAFSIZE (Fig. 3a) decreased with centrality 
indicating decreasing leaf size towards the range centre of C. defloratus. In contrast, the 
number of rosettes and leaves and PC2veg (Fig. 3b,c) increased both with longitude east and 
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centrality indicating increasing vegetative plant size from the periphery towards the centre of 
the distribution and from west to east. Incisiveness of leaves also increased with centrality and 
with longitude (Fig. 3 d,e). Specific leaf area, spine length, and chlorophyll content were not 
significantly related to any of the explanatory variables. 
 
Table 3. The effects of the range position of a population (centrality factor) and other characteristics 
on (a) mean vegetative and (b) mean reproductive traits and their principle components in populations 
of Carduus defloratus. We present the models for which the Bayesian information criterion is 
minimal. Potential explanatory variables were population size, centrality, and longitude. For the other 
vegetative traits (specific leaf area, spine length, chlorophyll content) and reproductive traits 
(internodium length, cumulative stalk length, leaf-capitulum distance, and time until flowering) no 
significant relationships with any of the explanatory variables were found.  
 (a) Vegetative traits 
Dependent variable df r2 F Explanatory variable β t 
Leaf length  30 0.53 33.77*** Centrality -0.73  -5.81***
Leaf width 30 0.60 45.84*** Centrality -0.78  -6.77***
Number of rosettes 29 0.50 14.33*** Longitude 
Centrality 
 0.63 
 0.51 
  4.60*** 
  3.76*** 
Number of leaves 29 0.49 13.96*** Longitude 
Centrality 
0.61 
0.52 
  4.45*** 
  3.34*** 
Incisiveness 29 0.29 5.82** Centrality 
Longitude 
0.51 
0.34 
  3.13** 
  2.07* 
Perimeter 30 0.33 14.64*** Centrality -0.57   3.83*** 
PC1veg (LEAFSIZE) 30 0.71 75.93*** Centrality -0.85 -8.71*** 
PC2veg (PLANTSIZE) 29 0.51 15.16*** Longitude 
Centrality 
0.62 
0.54 
  4.62*** 
  4.01*** 
Notes: * p < 0.05; **, p < 0.01; ***p < 0.001. 
 
 
 
 
 
QUANTITATIVE GENETIC VARIATION WITHIN AND BETWEEN POPULATIONS  93 
 
Table 3 continued 
 
(b) Reproductive traits 
Dependent variable df r2 F Explanatory variable β t 
Inflorescence height 28 0.61 14.74*** Centrality 
Longitude 
Log population size 
-0.68 
-0.37 
-0.26 
-5.62*** 
-2.93** 
-2.10* 
Number of capitula 30 0.32 14.25*** Longitude 0.57   3.78*** 
Diameter of  
capitulum basis 
29 0.39   9.08*** Longitude 
Centrality 
-0.62 
-0.36 
-4.11*** 
-2.50* 
Capitulum height 29 0.22   8.39** Centrality -0.47 -2.90** 
Petal length 30 0.13   4.31* Centrality -0.36 -2.09* 
PC1repro (CAPITSIZE) 29 0.27   5.42** Centrality 
Longitude 
-0.48 
-0.36 
-2.91** 
-2.19* 
PC2repro (INFLSIZE) 30 0.30 12.85** Longitude 0.55   3.58** 
Notes: * p < 0.05; **, p < 0.01; ***p < 0.001. 
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Figure 3. Relationships between (a,b) leaf incisiveness, (c) PC1veg (LEAFSIZE), (d,e) PC2veg 
(PLANTSIZE), (f,g,h) inflorescence height, and (i) petal length of Carduus defloratus and 
significant explanatory variables. Shown are regression plots (c, i) in the case of single 
explanatory variables and partial regression plots (a, b, d-h) in the case of several significant 
explanatory variables. For statistical analysis see Table 3. 
 
Fewer reproductive than vegetative traits were related to centrality (Table 3b, Fig. 3f-i). 
Inflorescence height, capitulum height, petal length and the PC CAPITSIZE decreased 
significantly with centrality (Table 3b, Fig. 3 f-h). Capitulum size, the PC1repro (CAPITSIZE) 
and inflorescence height were lower in plants from eastern than from western populations, 
while the number of capitula and PC2repro (INFLSIZE) increased with longitude east. The size 
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of a population only explained a significant additional part of the variation for inflorescence 
height. Internodium length, cumulative stalk length, leaf-capitulum distance, and time until 
flowering were not significantly related to any of the explanatory variables. 
 
Relationship between traits measured in field populations and in the common garden 
Five traits were measured both for the field populations and their offspring in the common 
garden. Mean inflorescence height in the common garden and the field were positively 
correlated for the populations of C. defloratus (Fig. 4a), and there was a quadratic relationship 
between the mean length of leaves in the two environments (Fig. 4b). In contrast, no 
significant relationship between measures in the field and the garden were found for leaf 
perimeter (r = 0.16, p = 0.39), specific leaf area (r = -0.01, p = 0.96) and number of capitula 
per plant (r = 0.04, p = 0.81). 
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Figure 4. Relationship between population means of (a) inflorescence height of Carduus 
defloratus and (b) leaf length measured in the field and in the common garden. 
 
 
Patterns in quantitative genetic variation 
Various explanatory variables influenced the variation in quantitative genetic traits within 
populations, measured as evolvability (CVgenetic) of vegetative and reproductive traits (Table 
4ab).  
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The evolvability of leaf width, the PC1veg LEAFSIZE, and of variables related to 
inflorescence size (inflorescence height, cumulative stalk length, PC2repro INFLSIZE) 
increased with the centrality of a population (Table 4a, Fig. 5a,b), while the evolvability of 
internodium length decreased with longitude east. The variation in the number of leaves was 
higher in small than in large populations. The CVgenetic of the other vegetative and 
reproductive traits was not related significantly to any of the explanatory variables. 
Table 4. The effects of the range of the species (centrality factor) and population characteristics on 
evolvability, i.e. genetic coefficients of variation (CVgenetic) of (a) vegetative and (b) reproductive traits 
and their principle components in populations of Carduus defloratus. We present the models for which 
the Bayesian information criterion is minimal. Potential explanatory variables were population size, 
centrality, and longitude. For the CVgenetic of other vegetative traits (leaf width, leaf number, specific 
leaf area, spine length, incisiveness, chlorophyll content, leaf perimeter, PC2veg) and reproductive traits 
(leaf-capitulum distance, number of capitula, diameter of capitulum basis, capitulum height, petal 
length, time until flowering, PC1repro) no significant relationships with any of the explanatory variables 
were found.  
Dependent variable df r2 F Explanatory 
variable 
β t 
(a) CVgenetic of vegetative traits 
     Leaf width 30 0.17 6.30** Centrality 0.42   2.51* 
     Number of leaves 30 0.21 7.74** Log population 
size 
-0.45 -2.78** 
     PC1veg (LEAFSIZE) 30 0.19 6.79* Centrality 0.43   2.6* 
       
(b) CVgenetic of reproductive traits 
     Inflorescence height 30 0.16 5.51* Centrality 0.39  2.35* 
     Internodium length  30 0.21 8.05** Longitude -0.46 -2.84** 
     Cumulative stalk length 30 0.23 8.98** Centrality 0.48  3.00** 
     PC2repro (INFLSIZE) 30 0.17 5.99* Centrality 0.41  2.45* 
Notes: (*), p < 0.10; * p < 0.05; **, p < 0.01. 
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Figure 5. The relationships between (a) quantitative genetic variation in PC1veg (LEAFSIZE), and (b) 
quantitative genetic variation in PC2repro (INFLSIZE) and the range position of populations (centrality) 
within the Central European distribution area of Carduus defloratus. 
 
Among the vegetative traits the highest evolvability was found for the incisiveness of leaves, 
and the number of rosettes and leaves; the lowest for leaf length, leaf perimeter and the two 
principle components PLANTSIZE and LEAFSIZE (Fig. 6a).. Among the reproductive traits 
evolvability was highest for cumulative stalk length, the distance between the uppermost leaf 
and the capitulum, and the number of capitula, whereas it was lowest for time until flowering 
and petal length (Fig. 6b).  
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Figure 6. Mean evolvability (CVgenetic) and mean principle components of (a) vegetative and 
(b) reproductive traits of Carduus defloratus. Means over 32 populations +1 standard error. 
 
Association between quantitative and molecular genetic variation 
We tested for an association between the variation in quantitative genetic traits within 
populations, measured as evolvability (CVgenetic), and the molecular genetic variation, 
measured as Nei's gene diversity. Overall, there was no significant correlation between 
genetic variation in quantitative and molecular traits. The correlation between the mean 
evolvability of vegetative traits and gene diversity for all populations was weak (r = 0.10, p = 
0.59; Fig. 7a) and correlations calculated separately for central, intermediate and peripheral 
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populations were also not significant (all p > 0.22). The correlation between the variation in 
reproductive traits and gene diversity was higher, but also not significant (r = 0.29, p = 0.10; 
Fig. 7b). Of the four principal components, only LEAFSIZE was related to gene diversity (r = 
0.48, p < 0.01). 
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Figure 7. The relationship between mean quantitative genetic variability (mean CVgenetic over 
traits) and molecular genetic variability for peripheral, intermediate and central populations of 
Carduus defloratus. (a) Vegetative traits (r = 0.10, p = 0.59), (b) reproductive traits (r = 0.29, 
p = 0.10). 
 
Comparison of quantitative and molecular genetic differentiation 
QST -values of most vegetative traits, their principle components and of capitulum diameter 
were higher than the global PhiST-value, indicating that these traits are under divergent 
selection (Fig. 8). QST-values of several vegetative traits and all the other reproductive traits 
had large confidence intervals including the PhiST-value. Some QST-values like those for 
chlorophyll content, capitulum height, petal length, and time until flowering were very similar 
to the PhiST-value, suggesting that genetic drift might be sufficient to explain the 
differentiation in these traits. 
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Figure 8. Quantitative genetic differentiation between populations (QST) of Carduus 
defloratus for (a) vegetative and (b) reproductive traits and their principle components. For 
comparison between quantitative and molecular genetic differentiation the global PhiST value 
is shown (dashed line). Error bars indicate the confidence interval. Confidence intervals could 
not be calculated for the two lowest QST-values. 
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Relationship between quantitative genetic differentiation, geographical distance and 
molecular genetic differentiation 
The quantitative genetic differentiation between pairs of populations of C. defloratus was 
estimated by their Mahalanobis distance based on vegetative and reproductive traits. The 
genetic differentiation between pairs of populations based on both vegetative and reproductive 
traits increased with their geographical distance (Table 5a, Figure 9a,b). The genetic 
differentiation between populations increased far more strongly with geographic distance for 
intermediate and central than for peripheral populations. At distances > 5 km for vegetative 
traits and > 10 km for reproductive traits genetic differentiation was on average higher for 
intermediate and central than for peripheral populations.  
 
Table 5. Results of general linear models of the effect of (a) pairwise geographical distance or (b) 
molecular genetic distance, population type (peripheral, intermediate or central) on quantitative 
genetic distances (Mahalanobis distances) between pairs of populations of Carduus defloratus based 
on vegetative or reproductive traits. P-values were obtained by permutation tests using 10 000 random 
permutations. 
(a) 
   Vegetative 
traits 
  Reproductive 
traits 
Source of variation  df F p   F p
Geographic distance 1 65.5 < 0.001  101.1 < 0.001
Population type 2 10.9 < 0.001  6.5 < 0.010
     Peripheral vs. others 1 7.1 < 0.01  0.6     0.44 
     Central vs. intermediate 1 14.6 < 0.001  12.4 < 0.001
Geographic distance x Type 2 8.7 < 0.001  9.3 < 0.001
     Distance x peripheral vs. others 1 10.1 < 0.01  17.2 < 0.001
     Distance x central vs. intermediate 1 7.4 < 0.01  1.5      0.23 
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Table 5 continued 
(b) 
   Vegetative 
traits 
  Reproductive 
traits 
Source of variation  df F p   F p
Genetic distance 1 52.0 < 0.001  < 0.1 0.770
Population type 2 17.9 < 0.001  18.7 < 0.001
     Peripheral vs. others 1 34.5 < 0.001  28.3 < 0.001
     Central vs. intermediate 1 1.3    0.18  9.1 < 0.01 
Genetic distance x Type  2 3.6 < 0.05   0.9    0.41 
     Gen. distance x peripheral vs. others 1 1.8    0.13  < 0.1    0.92 
     Gen. distance x central vs. intermediate 1 5.4 < 0.05  1.8    0.18 
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Figure 9. (a,b) The relationship between Mahalanobis distances between populations of Carduus 
defloratus of different types based on vegetative (a) and reproductive (b) traits and the geographic 
distance between populations, and the relationship between Mahalanobis distances based on vegetative 
(c) and reproductive (d) traits and pairwise linearised PhiST values. 
 
The quantitative genetic distance between populations based on vegetative traits was 
positively correlated with their molecular genetic distance (Table 5b, Fig. 9c), but the increase 
was less strong for peripheral than for the other populations. There was no significant relation 
between the quantitative genetic distance between populations based on reproductive traits 
and their molecular genetic distance (Fig. 9d). In contrast, Mahalanobis distances between 
populations within population types were related to differences in mean annual temperature 
(vegetative traits: r = 0.31, p < 0.001; reproductive traits: r = 0.23, p < 0.001; Mantel test) and 
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precipitation (vegetative traits: r = 0.23, p < 0.001; reproductive traits: r = 0.15, p < 0.05; 
Mantel test) between populations of C. defloratus. 
 
DISCUSSION  
Quantitative genetic variation 
The genetic variation of several quantitative traits within populations (evolvability) and of the 
principle component LEAFSIZE increased with centrality, but the genetic variation of most 
traits was not related to the range position, longitude or size of the populations. The increase 
in genetic variation of some traits with centrality is in line with the predictions of the ACM 
(Sagarin & Gaines 2002, Eckert et al. 2008), and with the increase in molecular genetic 
variation with centrality in C. defloratus (see Chapter 4). However, the genetic variation of 
none of the quantitative traits was significantly related to molecular genetic variation. This 
confirms the conclusions of the review by Reed & Frankham (2001) and the results of later 
studies (Steinger et al. 2002, Gravuer 2005, Navarro et al. 2005) that variation in molecular 
markers is a poor predictor of variation in quantitative traits. Many factors may contribute to a 
weak correlation between molecular and quantitative genetic variation, in particular the fact 
that molecular markers are assumed to be selectively neutral whereas genetic variation in 
quantitative traits will be influenced by natural selection (Reed & Frankham 2001). 
Genetic theory predicts that genetic variation in both neutral molecular markers and 
quantitative traits should be reduced in small populations due to genetic drift (Eckert et al. 
2008). However, while neutral marker diversity in C. defloratus significantly increased with 
population size (Chapter 4), genetic variation in none of the 18 studied quantitative traits or 
the four principle components was positively related to the size of the 32 study populations. 
While the negative effect of small population size on quantitative genetic variation is well 
supported by the results of experiments (Willi et al. 2006), most of the few field studies that 
have investigated the relationship between quantitative genetic variation and population size 
did not support the prediction of lower quantitative variation in small populations (Rice & 
Mack 1991, Widén & Andersson 1993, Waldmann & Andersson 1998, Meyer & Allen 1999, 
Podolsky 2001, Waldmann 2001, Gravuer et al. 2005). However, several of these studies had 
low power due to the small number of populations studied (Willi et al. 2006). In contrast, a 
study of 13 populations of the rare plant Ranunculus reptans found that genetic variation of 
quantitative traits was significantly reduced in small populations (Willi et al. 2007). Several 
factors may contribute to the mostly weak correlations found in field studies between census 
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size and quantitative genetic variation (Willi et al. 2006): Small populations may have 
declined only recently and differences in census size may thus only be weakly related to 
differences in effective population size, genetically impoverished populations may already 
have become extinct, selection may influence the patterns of quantitative genetic variation, 
and gene flow may increase variation in small populations. Of these factors, selection is the 
most likely to affect quantitative variation in C. defloratus, as there is a significant 
relationship between neutral marker diversity and census size (Chapter 4). 
It has been suggested that the evolvability of life-history traits is typically higher than that of 
morphological traits (Hansen et al 2011). This was only partly supported by the results of our 
study. Among the genetically most variable traits were the fitness-related traits rosette 
number, leaf number and capitulum number, but also the purely morphological traits leaf 
incisiveness and leaf-capitulum distance.  
 
Genetic differentiation in quantitative traits among populations  
For all but one of the vegetative traits and for two principle components QST was higher than 
PhiST, and for most of the traits the difference was significant, indicating that differentiating 
selection has contributed to the differentiation between populations. The pattern was less 
consistent for reproductive traits, but the QST was higher than PhiST for four of the nine traits 
investigated, although significantly so only for one of them, due to large confidence intervals. 
Large confidence intervals have been found in many studies of quantitative genetic 
differentiation (e.g. Merilä & Crnokrak, 2001; O'Hara & Merilä, 2005; Martin et al., 2008).  
Our finding of higher differentiation between populations in quantitative traits that may be 
under selection than in putatively neutral molecular markers is in line with the conclusions of 
recent reviews (Merilä & Crnokrak 2001, McKay and Latta 2002, Leinonen et al. 2008, Lamy 
et al 2012) that QST is typically larger than PhiST respectively FST (McKay & Latta 2002, 
O'Hara & Merilä, 2005). 
Further support for effects of differentiating selection on quantitative traits in C. defloratus is 
provided by the clinal variation of many trait means with the range position (centrality) or 
longitude east of populations (see Whitlock 2008). There was a very close correspondence 
between the QST of a trait and clinal variation in trait means: traits which had a high QST were 
also the ones that showed clinal variation. Both centrality and longitude are related to climate 
variables; the centrality gradient is a gradient of decreasing latitude and increasing altitude, 
but also of decreasing mean annual temperature (r = -0.76) and increasing annual precipitation 
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(r = 0.95), while with longitude east the difference between the mean temperature of the 
warmest and coldest month (r = 0.83) and that between the precipitation of the wettest and 
driest month increases (r = 0.56, all p < 0.001), indicating that longitude is related to the 
continentality of a site. The observed clines in trait means thus suggest that the differentiation 
between populations may be adaptive. 
Overall, the quantitative genetic differentiation between populations of C. defloratus 
increased with their geographical distance, based both on vegetative and reproductive traits. 
However, the slopes of these relationships were much lower in peripheral than in central and 
intermediate populations, and as a consequence the mean differentiation between peripheral 
populations adjusted for geographic distance was also lower. This pattern is in sharp contrast 
to the pattern of genetic isolation by distance found for neutral markers. Marker based 
divergence between populations of C. defloratus increased much more strongly with distance 
for peripheral than for central and intermediate populations (Chapter 4).  
The marker based pattern is in agreement with the predictions of the ACM that stronger 
isolation and lower population size will result in stronger differentiation between peripheral 
populations through genetic drift. However, the contrasting pattern found for quantitative 
genetic differentiation indicates that habitat conditions and thus selective forces are more 
similar for the peripheral than for the other populations.  
Most previous studies did not find a relationship between quantitative genetic differentiation 
and geographic distance between plant populations (Petit et al. 2001, Steinger et al. 2002, 
Jolivet and Bernasconi 2007, Gravuer et al 2005, Korbo et al. 2012). However, due to the 
small number of populations studied, the power of the studies by Petit et al. (2001) and Jolivet 
& Bernasconi (2007) was low. Two studies, on Nassella pulchra (Knapp & Rice 1998) and 
Primula sieboldii (Yoshioka et al. 2007), found a significant increase of quantitative 
differentiation with geographical distance. In both studies, as in our study, the maximum 
distance between populations was large, which should increase the likelihood of strong 
environmental differences and thus different selection regimes between populations.  
In C. defloratus, the quantitative genetic differentiation between populations based on 
vegetative traits was related to the molecular genetic differentiation, but not that based on 
reproductive traits. Significant positive correlations between the two types of genetic 
differentiation have been interpreted as an indication that drift has contributed to population 
divergence (Willi et al. 2007). However, if both types of variation increase with geographical 
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distance, such a correlation could also arise because of increasing divergence of selective 
forces with distance.  
The results of previous studies of the relationship between quantitative and molecular genetic 
differentiation have not been consistent. Of the studies that compared more than six 
populations, those on Picea abies (Lagercrantz & Ryman 1990), Senecio vulgaris (Steinger et 
al. 2002) and Primula sieboldii (Yoshioka et al. 2007) found a correlation between 
quantitative and molecular genetic distance, while in Liatris scariosa there was a correlation 
for some quantitative traits, but not for others (Gravuer et al. 2005). In contrast, the 
quantitative and molecular genetic differentiation between populations was not related in 
Nassella pulchra (Knapp & Rice 1998). Our results indicate that conflicting results may result 
from the choice of traits studied.  
 
CONCLUSIONS 
The ACM predicts that because of stronger genetic drift, populations at the range margin are 
genetically less diverse and more differentiated than those at the range centre (Sagarin & 
Gaines 2002, Eckert et al. 2008). While the variation in molecular markers for C. defloratus 
was in line with the predictions of the ACM, genetic variation in most quantitative traits was 
not lower in peripheral than in central populations, and genetic differentiation between 
populations in these traits was lower. The contrasting patterns found for the variation in 
quantitative traits in C. defloratus are likely due to selection, as several lines of evidence 
indicated that populations of C. defloratus show adaptive differentiation in quantitative traits. 
Genetic differentiation between populations in many quantitative traits (QST) was higher than 
that in molecular markers (PhiST), and trait means differed among populations and were 
related to environmental gradients. The weak correlations we found between the variation in 
quantitative traits and marker diversity in populations confirm the conclusion that the 
variation in molecular markers is a poor predictor of genetic variability of genetic variation in 
quantitative traits that may be important for the adaptation of species to changing conditions 
(see Frankham et al. 2001). 
Outside of its distribution centre in the Alps, C. defloratus is a rare species that is not yet 
considered to be threatened, but included in the advance warning list of the states of Hesse 
(Buttler et al. 1997) and Baden-Württemberg (Breunig & Demuth 1999). The conservation 
value of peripheral populations is a matter of debate (Lesica & Allendorf 1992, 1995, Van 
Rossum et al. 2003). Our results indicate that peripheral populations, even if their genetic 
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variability in neutral markers is reduced, do not necessarily suffer from genetic erosion in 
traits under selection that are important for the evolvability of a species, and that the 
evolvability of small populations may also be high. The clines in trait means along the 
centrality gradient indicate that peripheral populations of C. defloratus are adapted to the 
conditions at the range margin. As the populations at the northern range margin grow at the 
lowest altitude and represent the receding edge in the face of climate change (Hampe & Petit 
2005), they are likely to contain alleles that may become important for the adaptation of the 
species to a warmer climate elsewhere. However, as the populations outside of the distribution 
centre are isolated from each other and dispersal is poor, it is unlikely that important alleles 
will spread.  
 
 
 
 
 
 
 
 
 
 
  
REFERENCES 
 
 
REFERENCES  110 
 
Ågren J (1996) Population size, pollinator limitation and seed set in the self-incompatible 
herb Lythrum salicaria. Ecology, 77, 1779-1790. 
Alexander HM, Price S, Houser R, Finch D, Tourtellot M (2007) Is there reduction in disease 
and pre-dispersal seed predation at the border of a host plant's range? Field and herbarium 
studies of Carex blanda. Journal of Ecology, 96, 446-457.  
Alonso C (1999) Variation in herbivory by Yponomeuta mahalebella on its only host plant 
Prunus mahaleb along an elevational gradient. Ecological Entomology, 24, 371-379. 
Angert AL, Schemske DW (2005) The evolution of species’ distributions: Reciprocal 
transplants across the elevation ranges of Mimulus cardinalis and M. lewisii. Evolution, 
59, 1671-1684.  
Angert AL (2006) Demography of central and marginal populations of monkeyflowers 
(Mimulus cardinalis and M. lewisii). Ecology, 87, 2014-2025. 
Bekessy SA, Ennos RA, Burgman MA, Newton AC, Ades PK (2003) Neutral DNA markers 
fail to detect genetic divergence in an ecologically important trait, Biological 
Conservation, 110, 267-275. 
Bengtsson K (1993) Fumana procumbens on Öland – population dynamics of a disjunct 
species at the northern of its range. Journal of Ecology, 81, 745-758. 
Berg H (2002) Population dynamics in Oxalis acetosella: the significance of sexual 
reproduction in a clonal, cleistogamous forest herb. Ecography, 25, 233–243. 
Breunig T, Demuth S (1999) Rote Liste der Farn- und Samenpflanzen Baden-Württembergs. 
Landesanstalt für Umweltschutz Baden-Württemberg, Karlsruhe, DE. 
Brigham CA, Schwartz MW, editors (2003) Population viability in plants. Conservation, 
management and modeling of rare plants. Springer Verlag, Berlin, DE. 
Brown JH (1984) On the relationship between abundance and distribution of species. The 
American Naturalist, 124, 255-279. 
Brown JH, Stevens GC, Kaufman DM (1996) The geographic range: size, shape, boundaries, 
and internal structure. Annual Review of Ecology and Systematics, 27, 597-623. 
Burnham KP, Anderson DR (2002) Model selection and multimodel inference: a practical 
information-theoretical approach, second edition. Springer, New York, USA. 
Busch JW (2005) The evolution of self-compatibility in geographically peripheral populations 
of Leavenworthia alabamica (Brassicaceae). American Journal of Botany, 92, 1503-1512.  
REFERENCES  111 
 
Buttler KP, Frede A, Kubosch R, Gregor T, Hand R, Cezanne R, Hodvina S (1997) Rote Liste 
der Farn- und Samenpflanzen Hessens, third edition. Hessisches Ministerium des Inneren 
und für Landwirtschaft, Forsten und Naturschutz, Wiesbaden, DE. 
Byers DL (1995) Pollen quantity and quality as explanations for low seed set in small 
populations exemplified by Eupatorium (Asteraceae). American Journal of Botany, 82, 
1000–1006. 
Byers DL, Waller DM (1999) Do plant populations purge their genetic load? Effects of 
population size and mating history on inbreeding depression. Annual Review of Ecology 
and Systematics, 30, 479-513. 
Carey PD, Watkinson AR, Gerard FFO (1995) The determinants of the distribution and 
abundance of the winter annual grass Vulpia ciliata ssp. ambigua. Ecology, 83, 177-187. 
Carter RN, Prince SD (1985) The geographical distribution of Prickly Lettuce (Lactuca 
serriola). I. A general survey of its habitats and performance in Britain. Journal of 
Ecology, 73, 27-38.  
Carter RN, Prince SD (1988) Distribution limits from a demographic viewpoint. Pages 165-
184 in AJ Davy, MJ Hutchings, AR Watkinson Plant population ecology. Blackwell, 
Oxford, UK. 
Caswell, H (2001) Matrix population models: construction, analysis, and interpretation, 
second edition. Sinauer Associates, Sunderland, Massachusetts, USA. 
Cochran ME, Ellner S (1992) Simple methods for calculating age-based life history 
parameters for stage-structured populations. Ecological Monographs, 62, 345-164. 
Colling G, Matthies D (2004) The effects of plant population size on the interactions between 
the endangered plant Scorzonera humilis, a specialised herbivore, and a phytopathogenic 
fungus. Oikos, 105, 71-78. 
Colling G, Matthies D (2006) Effects of habitat deterioration on population dynamics and 
extinction risk of an endangered, long-lived perennial herb (Scorzonera humilis). Journal 
of Ecology, 94, 959-972.  
Colling G, Reckinger C, Matthies D (2004) Effects of pollen quality and quantity on 
reproduction and offspring vigour in the rare plant Scorzonera humilis (Asteraceae). 
American Journal of Botany, 91 1774-1782. 
REFERENCES  112 
 
Cornelissen T, Stiling P (2010) Small variation over large scales: fluctuating asymmetry over 
the range of two oak species. International Journal of Plant Sciences, 171, 303-309. 
Crawley MJ (2007) The R Book. John Wiley and Sons, Chichester, UK. 
Crispo E, Hendry AP (2005) Does time since colonization influence isolation by distance? A 
meta-analysis. Conservation Genetics, 6, 665-682. 
Csergö A-M, Molnár E, García MB (2011) Dynamics of isolated Saponaria bellidifolia Sm. 
Populations at northern range periphery. Population Ecology, 53, 393-403. 
Curnutt JL, Pimm SL, Maurer BA (1996) Population viability of sparrows in space and time. 
Oikos, 76, 131-144. 
De Jong TJ, Klinkhamer GL (1989) Limiting factors for seed production in Cynoglossum 
officinale. Oecologia 80, 167–172. 
De Kroon H, Plaisier A, van Groenendael J, Caswell H (1986) Elasticity: the relative 
contribution of demographic parameters to population growth rate. Ecology, 67, 1427-
1431. 
De Kroon H, Van Groenendael J, Ehrlen, J (2000) Elasticities: a review of methods and 
model limitations. Ecology, 81, 607-618. 
Despland E, Houle G (1997) Climate influences on growth and reproduction of Pinus 
banksiana (Pinaceae) at the limit of the species distribution in eastern North America. 
American Journal of Botany, 87, 928-937. 
De Vere N, Jongejans E, Plowman A, Williams E (2009) Population size and habitat quality 
affect genetic diversity and fitness in the clonal herb Cirsium dissectum. Oecologia, 159, 
59-68. 
Dorken ME, Eckert CG (2001) Severely reduced sexual reproduction in northern populations 
of a clonal plant Decodon verticillatus (Asteraceae). Journal of Ecology, 89, 339-350. 
Durka W (1999) Genetic diversity in peripheral and subcentral populations of Corrigiola 
litoralis L. (Illecebraceae). Heredity, 83, 476-484. 
Eber S, Brandl R (1996) Metapopulation dynamics of the tephritid fly Urophora cardui: an 
evaluation of incidence-function model assumptions with field data. Journal of Animal 
Ecology, 65, 621-630. 
Eckert CG, Barrett SCH (1993) Clonal reproduction and patterns of genotypic diversity in 
Decodon verticillatus (Lythraceae). American Journal of Botany, 80, 1175-1182. 
REFERENCES  113 
 
Eckert CG, Samis KE, Dart S (2006) Reproductive assurance and the evolution of uniparental 
reproduction in flowering plants. Pages 183-203 in LD Harder, SCH Barrett, editors. The 
ecology and evolution of flowers. OUP, Oxford, UK. 
Eckert CG, Samis KE, Lougheed SC (2008) Genetic variation across species’ geographical 
ranges: the central-marginal hypothesis and beyond. Molecular Ecology, 17, 1170-1188.   
Eckhart VM, Geber MA, Morris WF, Fabio ES, Tiffin P, Moeller DA (2011) The geography 
of demography: long-term demographic studies and species distribution models reveal a 
species border limited by adaptation. American Naturalist, 178, 27-43. 
Eckstein RL, O'Neill RA, Danihelka J, Otte A, Köhler W (2006) Genetic structure among and 
within peripheral and central populations of three endangered floodplain violets. 
Molecular Ecology, 15, 2367-2379. 
Edelaar P, Burraco P, Gomez-Mestre I (2011) Comparisons between QST and FST – how 
wrong have we been? Molecular Ecology, 20, 4830-4839. 
Ehlers, BK, Olesen JM (2003) Flower and fruit herbivory in a population of Centaurea 
scabiosa (Asteraceae): importance of population size and isolation. Ecoscience, 10, 45-48. 
Ehrlén J, Lehtila K (2002) How perennial are perennial plants? Oikos, 98, 308-322. 
Ellstrand N, Elam DR (1993) Population genetic consequences of small population size; 
implications for plant conservation. Annual Review of Ecology and Systematics, 24, 217–
242. 
Endler JA (1982) Convergent and divergent effects of natural selection on color patterns in 
two fish faunas. Evolution, 36, 178-188. 
Eriksson O (1996) Regional dynamics of plants: a review of evidence for remnant, source-
sink and metapopulations. Oikos, 77, 248-258. 
Etterson JR, Shaw RG (2001) Constraint to adaptive evolution in response to global warming. 
Science, 294, 151-154. 
Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using 
the software STRUCTURE: a simulation study. Molecular Ecology, 14, 2611-2620. 
Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance inferred from 
metric distances among DNA haplotypes: application to human mitochondrial DNA 
restriction data. Genetics, 131, 479-491. 
REFERENCES  114 
 
Fischer M, Matthies D (1998a) The effect of population size on performance in the rare plant 
Gentianella germanica. Journal of Ecology, 86, 195-204. 
Fischer M, Matthies D (1998b) RAPD variation in relation to population size and plant 
performance in the rare Gentianella germanica. American Journal of Botany, 85, 811-819. 
Foll M, Beaumont MA, Gaggiotti O (2008) An approximate Bayesian computation approach 
to overcome biases that arise when using amplified fragment length polymorphism 
markers to study population structure. Genetics, 179, 927-939. 
Forbis TA (2003) Seedling demography in an alpine ecosystem. American Journal of Botany, 
90, 1197-1206. 
Forbis TA, Doak DF (2004) Seedling establishment and life history trade-offs in alpine 
plants. American Journal of Botany, 91, 1147-1153. 
Franco M, Silvertown J (2004) Comparative demography of plants based upon elasticities of 
vital rates. Ecology, 85, 531-538. 
Frantz AC, Cellina S, Krier A, Schley L, Burke T (2009) Using spatial Bayesian methods to 
determine the genetic structure of a continuously distributed population: clusters or 
isolation by distance? Journal of Applied Ecology, 46, 493-505. 
Freeman D, Graham J, Emlen J (1993) Developmental stability in plants - symmetries, stress 
and epigenesis. Genetica, 89, 97-119. 
García D, Zamora, R (2003) Persistence, multiple demographic strategies and conservation in 
long-lived Mediterranean plants. Journal of Vegitation Science, 14, 921–926. 
García D, Zamora R, Gómez JM, Jordano P, Hódar JA (2000). Geographical variation in seed 
production, predation and abortion in Juniperus communis throughout its range in Europe. 
Journal of Ecology, 88, 436-446. 
García MB, Goñi D, Guzmán D (2010) Living at the Edge: local versus positional factors in 
the long-term population dynamics of an endangered orchid. Conservation Biology, 24, 
1219-1229. 
Garnier S, Alibert P, Audiot P, Prieur B, Rasplus J-Y (2004) Isolation by distance and sharp 
discontinuities in gene frequencies: implications for the phylogeography of an alpine 
insect species, Carabus solieri. Molecular Ecology, 13, 1883-1897. 
Gaston KJ (2003) The structure and dynamics of geographic ranges. Oxford University Press, 
Oxford. 
REFERENCES  115 
 
Gaston KJ (2009) Geographic range limits: achieving synthesis. Proceedings of the Royal 
Society, series B 276, 1395-1406. 
Gerst KL, Angert AL, Venable DL (2011) The effect of geographic range position on 
demographic variability in annual plants. Journal of Ecology, 99, 591-599. 
Gibbs JP (2001) Demography versus habitat fragmentation as determinants of genetic 
variation in wild populations. Biological Conservation, 100, 15-20. 
Giménez-Benavides L, Albert JM, Iriondo JM, Escudero A (2011) Demographic processes of 
upward range contraction in a long-lived Mediterranean high mountain plant. Ecography, 
34, 85-93. 
Giménez-Benavides L, Escudero A, Iriondo JM (2008) What shapes the altitudinal range of a 
high mountain Mediterranean plant? Recruitment probabilities from ovule to seedling 
stage. Ecography, 31, 731-740. 
Goudet J (2005) HIERFSTAT, a package for R to compote and test hierarchical F-statistics. 
Molecular Ecology Notes, 5, 184-186. 
Gravuer K, von Wettberg E, Schmitt J (2005) Population differentiation and genetic variation 
inform translocation decisions for Liatris scariosa var. novae-angliae, a rare New 
England grassland perennial. Biological Conservation, 124, 155-167. 
Griffin CAM, Eckert CG (2003) Experimental analysis of biparental inbreeding in a self-
fertilizing plant. Evolution, 57, 1513–1519. 
Groom MJ (1998) Allee effects limit population viability of an annual plant. American 
Naturalist, 151, 487-496. 
Hamilton JA, Eckert CG (2007) Population genetic consequences of geographic disjunction: a 
prairie plant isolated on Great Lakes alvars. Molecular Ecology, 16, 1649-1660. 
Hampe A, Petit RJ (2005) Conserving biodiversity under climate change: the rear edge 
matters. Ecology Letters, 8, 461-467. 
Hamrick JL, Godt MJW (1996) Effects of life history traits on genetic diversity in plant 
species. Philosophical Transactions of the Royal Society London, Series B 351, 1291-
1298. 
Hansen TF, Pelabon C, Houle D (2011) Heritability is not evolvability. Evolutionary Biology, 
38, 258–277. 
Hanski I, Gilpin M (1991) Metapopulation dynamics: brief history and conceptual domain. 
REFERENCES  116 
 
Biological Journal of the Linnean Society, 42, 3-16.  
Hengeveld R, Haeck J (1982) The distribution of abundance. I. Measurements. Journal of 
Biogeography, 9, 303-316. 
Hensen I, Teich I, Hirsch H, von Wehrden H, Renison D (2011) Range-wide genetic structure 
and diversity of the endemic Trends in Ecology & Evolution line species Polylepis 
australis (Rosaceae) in Argentinia. American Journal of Botany, 98, 1825-1833. 
Herlihy CR, Eckert CG (2005) Evolution of self-fertilization at geographical range margins? 
A comparison of demographic, floral, and mating system variables in central vs. 
peripheral populations of Aquilegia canadensis (Ranunculaceae). American Journal of 
Botany, 92, 744-751. 
Herrera CM, Bazaga P (2008) Adding a third dimension to the edge of speciesˈ range: altitude 
and genetic structuring in mountainous landscapes. Heredity, 100, 275-285.  
Hewitt GM (2004) Genetic consequences of climatic oscillations in the Quaternary. 
Philosophical Transactions of the Royal Society London, Series B, 359, 183-195. 
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high resolution 
interpolated climate surfaces for global land areas. International Journal of Climatology, 
25, 1965-1978. 
Hodkinson ID (2005) Terrestrial insects along elevation gradients: species and community 
responses to altitude. Biological Reviews, 80, 489-513. 
Hoffmann AA, Blows MW (1994) Species borders: ecological and evolutionary perspectives. 
Trends in Ecology & Evolution, 9, 223-227.  
Holt RD, Barfield M (2009) Trophic interactions and range limits: the diverse roles of 
predation. Proceedings of the Royal Society, series B 276, 1435-1442. 
Holt RD, Keitt TH (2000) Alternative causes for range limits: a metapopulation perspective. 
Ecology Letters, 3, 41-47. 
Horwitz CC, Schemske DV (1995) Spatiotemporal variation in demographic transitions of a 
tropical understory herb – projection matrix analysis. Ecological Monographs, 65, 155-
192. 
Houle D (1992) Comparing evolvability and variability of quantitative traits. Genetics, 130, 
195-204. 
REFERENCES  117 
 
Hutchings, M.J. (1991) Monitoring plant populations: census as an aid to conservation. Pages 
61-76 in F.B. Goldsmith, editor. Monitoring for Conservation and Ecology. Chapman & 
Hall, London, UK. 
Hutchison DW, Templeton AR (1999) Correlation of pairwise genetic and geographic 
distance measures: inferring the relative influence of gene flow and drift on the 
distribution of genetic variability. Evolution, 53, 1898-1914. 
Jakobssoon M, Rosenberg N (2007) CLUMPP: a cluster matching and permutation program 
for dealing with label switching and multimodality in analysis of population structure. 
Bioinformatics, 23, 1801-1806. 
Jimenez-Ambriz G, Petit C, Bourrié I, Dubois S, Olivieri I, Ronce O (2007) Life history 
variation in the heavy metal tolerant plant Thlaspi caerulescens growing in a network of 
contaminated and noncontaminated sites in southern France: role of gene flow, selection 
and phenotypic plasticity. New Phytologist, 173, 199-215. 
Johnston FM, Pickering CM (2004) Effect of altitude on resource allocation in the weed 
Achillea millefolium (yarrow, Asteraceae) in the Australian Alps. Australian Journal of 
Botany, 52, 639-646.  
Jolivet C, Bernasconi G (2007) Molecular and quantitative genetic differentiation in European 
populations of Silene latifolia (Caryophyllaceae). Annals of Botany, 100, 119-127. 
Jones B, Gliddon C, Good JEG (2001) The conservation of variation in geographically 
peripheral populations: Lloydia serotina (Liliaceae) in Britain. Biological Conservation, 
101, 147-156. 
Jongejans E, Jorritsma-Wienk L, Becker U, Dostal P, Milden M, de Kroon H (2010) Region 
versus site variation in the population dynamics of three short-lived perennials. Journal of 
Ecology, 98, 279-289.   
Jump AS, Woodward FI (2003) Seed production and population density decline approaching 
the range-edge of Cirsium species. New Phytologist, 160, 349-358. 
Jump AS, Woodward FI, Burke T (2003) Cirsium species show disparity in patterns of 
genetic variation at their range-edge, despite similar patterns of reproduction and isolation. 
New Phytologist, 160, 359-370. 
Karron JD, Thumser NN, Tucker R, Hessenauer AJ (1995) The influence of population 
density on outcrossing rates in Mimulus ringens. Heredity, 75, 175-180. 
REFERENCES  118 
 
Kearns CA, Inouye DW, Waser NM (1998) Endangered mutualisms: the conservation of 
plant-pollinator interactions. Annual Review of Ecology and Systematics, 29, 83-112. 
Keller LF, Waller DM (2002) Inbreeding effects in wild populations. Trends in Ecology and 
Evolution, 17, 230-243. 
Kelly C (1998) Effects of variable life history and insect herbivores on reproduction in 
Solidago macrophylla (Asteraceae) on an elevation gradient. The American Midland 
Naturalist, 139 243-254. 
Kéry M, Matthies D, Fischer M (2001) Interactions between the rare plant Gentianella 
germanica and the specialized herbivore Maculinea rebeli. Journal of Ecology, 89, 418-
427. 
Kéry M, Matthies D, Spillmann H-H (2000) Reduced fecundity and offspring performance in 
small populations of the declining grassland plants Primula veris and Gentiana lutea. 
Journal of Ecology, 88, 17-30.  
Kluth C, Bruelheide H (2005a) Central and peripheral Hornungia petraea populations: 
patterns and dynamics. Journal of Ecology, 93, 584-595. 
Kluth C, Bruelheide H (2005b) Effects of range position, inter-annual variation and density 
on demographic transition rates of Hornungia petraea populations. Oecologia, 145, 382-
391. 
Knapp EE, Rice KJ (1998) Comparison of isozymes and quantitative traits for evaluating 
patterns of genetic variation in purple needlegrass (Nassella pulchra). Conservation 
Biology, 12, 1031-1041. 
Körner, C. 2007. The use of "altitude" in ecological research. Trends in Ecology and 
Evolution, 22, 569-574. 
Kramer AT, Havens K (2009) Plant conservation genetics in a changing world. Trends in 
Plant Science, 14, 599-607. 
Kuss P, Pluess AR, Hafdís H, Ǽgisdóttir, Stöcklin J (2008) Spatial isolation and genetic 
differentiation in naturally fragmented plant populations of the Swiss Alps. Journal of 
Plant Ecology, 1, 149-159. 
Lagercrantz U, Ryman N (1990) Genetic structure of Norway spruce (Picea abies): 
concordance of morphological and allozymatic variation. Evolution, 44, 38-53. 
REFERENCES  119 
 
Lamy J-B, Plomion C, Kremer A, Delzon S (2012) QST < FST As a signature of canalization. 
Molecular Ecology, 21, 5646-5655. 
Landolt, E (2003) Unsere Alpenflora, seventh edition. Schweizer Alpen-Club, Zürich, CH. 
Lange D (1996) Carduus. In O Sebald, S Seybold, G Philippi, A Wörz, editors. Die Farn- und 
Blütenpflanzen Baden-Württembergs. Spezieller Teil (Spermatophyta, Unterklasse 
Asteridae): Valerianaceae bis Asteraceae,Vol. 6. Eugen Ulmer, Stuttgart, DE. 
Lawton JH (1993) Range, population abundance and conservation. Trends in Ecology and 
Evolution, 8, 409-413. 
Legendre P, Legendre L (1998) Numerical Ecology. second edition. Elsevier Scientific, 
Amsterdam, NL. 
Leimu R, Mutikainen P, Koricheva J, Fischer M (2006) How general are positive 
relationships between plant populations size, fitness and genetic variation? Journal of 
Ecology, 94, 942-952. 
Leinonen T, O'Hara RB, Cano JM, Merilä J (2008) Comparative studies of quantitative trait 
and neutral marker divergence: a meta-analysis. Journal of Evolutionary Biology, 21, 1-17 
Lenormand T (2002) Gene flow and the limits to natural selection. Trends in Ecology and 
Evolution, 17,183-189. 
Lesica P, Allendorf FW (1992) Are small populations of plants worth preserving? 
Conservation Biology, 6, 135-139. 
Lesica P, Allendorf FW (1995) When are peripheral populations valuable for conservation. 
Conservation Biology, 9, 753-760. 
Lloyd DG, Schoen DJ (1992) Self-fertilization and cross-fertilization in plants. 1. Functional 
dimensions. International Journal of Plant Sciences, 153, 358-369. 
Lord, JM, D Kelly. (1999) Seed production in Festuca novae-zelandiae: the effect of altitude 
and pre-dispersal predation. New Zealand Journal of Botany, 37, 503-509. 
Loveless MD, Hamrick JL (1984) Ecological determinants of genetic structure in plant 
populations. Annual Reviews of Ecology, Evolution, and Sytematics, 15, 65-95. 
Lönn M, Prentice HC (2002) Gene diversity and demographic turnover in central and 
peripheral populations of the perennial herb Gypsophila fastigiata. Oikos, 99, 489-498. 
REFERENCES  120 
 
Lynch M, Milligan BG (1994) Analysis of population genetic structure with RAPD markers. 
Molecular Ecology, 3, 91-99. 
Mantel N (1967) The detection of disease clustering and a generalized regression approach. 
Cancer Research, 27, 209-220. 
Marcante S, Winkler E, Erschbamer B (2009) Population dynamics along a primary 
succession gradient: do alpine species fit into demographic succession theory? Annals of 
Botany, 1103, 1129-1143. 
Markow T (1995) Evolutionary ecology and developmental instability. Annual Review of 
Entomology, 40, 105-120. 
Matthies D, Bräuer I, Maibom W, Tscharntke T (2004) Population size and the risk of local 
extinction: empirical evidence from rare plants. Oikos, 105, 481-488. 
McKay JK, Latta RG (2002) Adaptive population divergence: markers, QTL and traits. 
Trends in Ecology & Evolution, 17, 285-291. 
Meeus S, Honnay O, Jacquemyn H (2012) Strong differences in genetic structure across 
disjunct, edge, and core populations of the distylous forest herb Pulmonaria officinalis 
(Boraginaceae). American Journal of Botany, 99, 1809-1818. 
Meirmans PG, Goudet J, Gaggiotti OE (2011) Ecology and life history affect different aspects 
of the population structure of 27 high-alpine plants. Molecular Ecology, 20, 3144-3155. 
Menges ES (1998) Evaluating extinction risks in plant populations. Pages 49-65 in PL 
Fiedler, SK Jain, editors. Conservation Biology for the Coming Decade. Chapman & Hall, 
New York, USA. 
Meusel H, Jäger EJ (1992) Vergleichende Chorologie der zentraleuropäischen Flora, Vol. 3. 
Gustav Fischer Verlag, Jena, Stuttgart, New York, DE. 
Merilä J, Crnokrak (2001) Comparison of genetic differentiation at marker loci and 
quantitative traits. Journal of Evolutionary Biology, 14, 892 - 903. 
Meyer SE, Allen PS (1999) Ecological genetics of seed germination regulation in Bromus 
tectorum L. I. Phenotypic variance among and within populations. Oecologia, 120, 27-34. 
Michalski SG, Durka W (2007) High selfing and high inbreeding depression in peripheral 
populations of Juncus atratus. Molecular Ecology, 16, 4715-4727. 
REFERENCES  121 
 
Milla R, Giménez-Benavides L, Escudero A, Reich PB (2009) Intra- and interspecific 
performance in growth and reproduction increase with altitude: a case study with two 
Saxifraga species from northern Spain. Functional Ecology, 23, 111-118. 
Moeller DA (2006) geographic structure of pollinator communities, reproductive assurance, 
and the evolution of self-pollination. Ecology, 87, 1510-1522. 
Moeller DA, Geber MA, Eckhart M, Tiffin P (2012) Reduced pollinator service and elevated 
pollen limitation at the geographic range limit of an annual plant. Ecology, 93, 1036-1048. 
Molau U, Eriksen B, Teilmann Knudsen J (1989) Predispersal seed predation in Bartsia 
alpina. Oecologia, 81, 181-185. 
Morris WF, Doak DF (1998) Life history of the long-lived gynodioecious cushion plant Silene 
acaulis (Caryophyllaceae), inferred from size-based population projection matrices. 
American Journal of Botany, 85, 784-793. 
Morris WF, Doak DF (2002) Quantitative conservation biology: theory and practice of 
population viability analysis. Sinauer, Sunderland, Massachusetts, USA. 
Moya-Laraño J, Corcobado G (2008) Plotting partial correlation and regression in ecological 
studies. Web Ecology, 8, 35-46. 
Moyle LC (2006) Correlates of genetic differentiation and isolation by distance in 17 
congeneric Silene species. Molecular Ecology, 15, 1067-1081. 
Nantel P, Gagnon D (1999) Variability in the dynamics of northern peripheral versus southern 
populations of two clonal plant species, Helianthus divaricatus and Rhus aromatica. 
Journal of Ecology, 87, 748–760. 
Navarro C, Cavers S, Pappinen A, Tigerstedt P, Lowe A, Merilä J (2005) Contrasting 
Quantitative Traits and Neutral Genetic Markers for Genetic Resource Assessment of 
Mesoamerican Cedrela Odorata. Silvae Genetic, 54, 281–292. 
Nybom H (2004) Comparison of different nuclear DNA markers for estimating intraspecific 
genetic diversity in plants. Molecular Ecology, 13, 1143-1155. 
Oberle B, Schaal B (2011) Responses to historical climate change identify contemporary 
threats to diversity in Dodecatheon. Proceedings of the National Academy of Science of 
the United States of America, 108, 5655-5660. 
O'Hara RB, Merila J (2005) Bias and precision in QST estimates: problems and some 
solutions. Genetic, 171, 1331-1339. 
REFERENCES  122 
 
Palmer AR, Strobeck C (1986) Fluctuating asymmetry: measurement, analysis, patterns. 
Annual Review of Ecology and Systematics, 17, 391-421. 
Peakall R, Smouse P (2005) GENALEX 6: genetic analysis in Excel. Population genetic 
software for teaching and research. Molecular Ecology Notes, 6, 288-295. 
Petit RJ, Aguinagalde I, de Beaulieu JL, Bittkau C, Brewer S, Cheddadi R, Ennos R, Fineschi 
S, Grivet D, Lascoux M, Mohanty A, Muller-Starck GM, Demesure-Musch, Palme A, 
Martin JP, Rendell S, Vendramin GG (2003) Glacial refugia: hotspots but not melting 
pots of genetic diversity. Science, 300, 1563-1565.  
Petit C, Freville H, Mignot A, Bruno C, Riba M, Imbert E, Hurtrez-Boussés S, Virevaire M, 
Olivieri I (2001) Gene flow and local adaptation in two endemic plant species. Biological 
Conservation, 100, 21-34 
Pigott CD, Huntley JP (1981) Factors controlling the distribution of Tilia cordata at the 
northern limits of its range. III. Nature and causes of seed sterility. New Phytologist, 87, 
817-839. 
Pritchard JK ,Wen W (2004) STRUCTURE: version 2. Computer program and 
documentation distributed by the author, website: http://pritch.bsd.uchicago.edu . 
Accessed December 2008. 
Podolsky RH (2001) Genetic variation for morphological and allozyme variation in relation to 
population size in Clarkia dudleyana, an endemic annual. Conservation Biology, 15, 412-
423. 
Podolsky RH, Holtsford TP (1995) Population structure of morphological traits in Clarkia 
dudleyana. I. comparison of FST between allozymes and morphological traits. Genetics, 
140, 733-744. 
Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using 
multilocus genotype data. Genetics, 155, 945-959. 
Reed DH, Frankham R (2001) How closely correlated are molecular and quantitative 
measures of genetic variation? A meta-analysis. Evolution, 55, 1095-1103. 
Reinartz JA (1984) Life history variation of common Mullein (Verbascum thapsus): II. Plant 
size, biomass partitioning and morphology. Journal of Ecology, 72, 913-925. 
REFERENCES  123 
 
Reisch C, Poschlod P, Wingender R (2003) Genetic variation of Saxifraga paniculata Mill. 
(Saxifragaceae): molecular evidence for glacial relict endemism in central Europe. 
Biological Journal of the Linnean Society, 80, 11-21. 
Ribeiro KT, Fernandes W (2000) Patterns of abundance of a narrow endemic species in a 
tropical and infertile montane habitat. Plant Ecology, 147, 205-218. 
Rice KJ, Mack NM (1991) Ecological genetics of Bromus tectorum I. A hierarchical analysis 
of phenotypic variation. Oecologia, 88, 77-83. 
Richardson AD, Duigan SP, Berlyn GP (2002) An evaluation of noninvasive methods to 
estimate foliar chlorophyll content. New Phytologist, 153, 185-194. 
Rooney TP, Gross K (2003) A demographic study of deer browsing impacts on Trillium 
grandiflorum. Plant Ecology, 168, 267-277. 
Rousset F (1997) Genetic differentiation and estimation of gene flow from F-statistics under 
isolation by distance, Genetics, 145, 1219-1228. 
Routley MB, Mavraganis K, Eckert CD (1999) Effect of population size on the mating system 
in a self-compatible, autogamous plant Aquilegia canadensis (Ranunculaceae). Heredity, 
82, 518-528. 
Safriel UN, Volis S, Kark S (1994) Core and peripheral populations and global climate 
change. Israel Journal of Plant Sciences, 42, 331-345. 
Sagarin RD, Gaines SD (2002) The 'abundant centre' distribution: to what extent is it a 
biogeographical rule? Ecology Letters, 5, 137-147. 
Sakai A , Sasa A, Sakai S (2006) Do sexual dimorphisms in reproductive allocation and new 
shoot biomass increase with an increase of altitude? A case of the shrub willow Salix 
reinii (Salicaceae). American Journal of Botany, 93, 988-992. 
Samis KE, Eckert CG (2007) Testing the abundant center model using range-wide 
demographic surveys of two coastal dune plants. Ecology, 88, 1747-1758. 
Sandercock BK, Martin K, Hannon SJ (2005) Demographic consequences of age-structure in 
extreme environments: population models for arctic and alpine ptarmigan. Oecologia, 
146, 13-24. 
Scheepens JF, Stöcklin J, Pluess AR (2010) Unifying selection acts on competitive ability and 
relative growth rate in. Basic and Applied Ecology, 11, 612-618. 
Scheidel U, Röhl S, Bruelheide H (2003) Altitudinal gradients of generalist and specialist 
REFERENCES  124 
 
herbivory on three montane Asteraceae. Acta Oecologica, 24, 275-283. 
Schiemann K, Tyler T, Widén (2000) Allozyme diversity in relation to geographic 
distribution and population size in Lathyrus vernus (L.) Bernh. (Fabaceae). Plant 
Systematics and Evolution, 225, 119-132. 
Schleuning M, Huamán V, Matthies D (2008) Flooding and canopy dynamics shape the 
demography of a clonal Amazon understory herb. Journal of Ecology, 96, 1045-1055. 
Schönswetter P, Paun A, Tribisch A, Niklfeld H (2003) Out of the Alps: colonization of 
Northern Europe by East Alpine populations of the Glacier Buttercup Ranunculus 
glacialis L. (Ranunculaceae). Molecular Ecology, 12, 3373-3381. 
Schönswetter P, Stehlik R, Holderegger R, Tribisch A (2005) Molecular evidence for glacial 
refugia of mountain plants in the European Alps. Molecular Ecology, 14, 3547-3555. 
Schönswetter P, Tribsch A, Barfuss M, Niklfeld H (2002) Several Pleistocene refugia 
detected in the high alpine plant Phyteuma globulariifolium Sternb. & Hoppe 
(Campanulaceae) in the European Alps. Molecular Ecology, 11, 2637-2647. 
Schulze J, Rufener R, Erhardt A, Stoll P (2012) The relative importance of sexual and clonal 
reproduction for population growth in the perennial herb Fragaria vesca. Population 
Ecology, 54, 369-380. 
Schwarz, G. (1978). Estimating the dimension of a model. The Annals of Statistics, 6, 461-
464. 
Sexton JP, McIntyre PJ, Angert AL, Rice KJ (2009) Evolution and ecology of species range 
limits. Annual Review of Ecology, Evolution and Systematics, 40, 415-436. 
Sih A, Baltus M (1987) Patch size, pollinator behaviour, and pollinator limitation in catnip. 
Ecology, 68, 1679-1690. 
Siikamäki P, Lammi A (1998) Fluctuating asymmetry in central and marginal populations of 
Lychnis viscaria in relation to genetic and environmental factors. Evolution, 52, 1285-
1292. 
Silvertown J, Franco M, Menges E (1996) Interpretation of elasticity matrices as an aid to the 
management of plant populations for conservation. Conservation Biology, 10, 591-597. 
Silvertown J, Franco M, Pisanty I, Mendoza A (1993) Comparative plant demography – 
relative importance of lifecycle components to the finite rate of increase in woody and 
herbaceous perennials. Journal of Ecology, 81, 465-476.  
REFERENCES  125 
 
Skarpaas O, Shea K (2007) Dispersal patterns, dispersal mechanisms, and invasion wave 
speeds for invasive thistles, American Naturalist 170, 421-430. 
Solbrig OT, Rollins R (1977) The evolution of autogamy in species of the mustard genus 
Leavenworthia. Evolution, 31, 265-281. 
Spence JR (1990) Observations on the ecology of Trypanea Schrank (Diptera: Tephritidae), 
and its association with the Asteraceae. New Zealand Entomologist, 13, 19-26. 
Steinger T, Haldimann, P, Leiss KA, Müller-Schärer H (2002) Does natural selection promote 
population divergence? A comparative analysis of population structure using amplified 
fragment length polymorphism markers and quantitative traits. Molecular Ecology, 11, 
2583-2590. 
Stewart CN, Excoffier L (1996) Assessing population genetic structure and variability with 
RAPD data: application to Vaccinium macrocarpon (American Cranberry). Journal of 
Evolutionary Biology, 9, 153-171. 
Stokes KE, Bullock JM, Watkinson AR (2004) Population dynamics across a parapatric range 
boundary: Ulex galii and Ulex minor. Journal of Ecology, 92, 142-155. 
Storfer A (1996) Quantitative genetic: a promising approach for the assessment of genetic 
variation in endangered species. Trends in Ecology & Evolution, 11, 343-348. 
Storfer A, Murphy MA, Evans JS, Goldberg CS, Robinson S, Spear SF, Dezzani R, Delmelle 
E, Vierling L, Waits LP (2007) Putting the ‘landscape’ in landscape genetics, Heredity, 
98, 128-142. 
Tanner EJ (2001) The influence of clonality on demography: patterns in expected longevity 
and survivorship, Ecology, 82, 1971-1981. 
Totland O (1993) Pollination in alpine Norway: flowering phenology, insect visitors, and 
visitation rates in two plant communities. Canadian Journal of Botany,71, 1072-1079. 
Tracy M, Freeman D, Duda J, Miglia K, Graham JH (2003) Developmental instability: an 
appropriate indicator of plant fitness components? Pages 196–212 in M Polak, editor. 
Developmental instability (DI): Causes and consequences. Oxford University Press, 
Oxford, UK.  
Van Rossum F, Vekemans X, Gratia E, Meertz P (2003) A comparative study of allozyme 
variation of peripheral and central populations of Silene nutans L. (Caryophyllaceae) from 
Western Europe: implications for conservation. Plant Systematics and Evolution, 242, 49-
REFERENCES  126 
 
61. 
Väre H, Vestberg M, Ohtonen R (1997) Shifts in mycorrhiza and microbial activity along an 
oroarctic altitudinal gradient in northern Fennoscandia. Arctic and Alpine Research, 29, 
93-104. 
Vekemans X, Beauwens T, Lmaire M, Roldan-Ruiz I (2002) Data from amplified fragment 
length polymorphism (AFLP) markers show indication of size homoplasy and of a 
relationship between degree of homoplasy and fragment size. Molecular Ecology, 11, 
139-151. 
Vik U, Jorgensen MH, Kauserud H, Nordal I, Brysting AK (2010) Microsatellite markers 
show decreasing diversity but unchanged level of clonality in Dryas octopetala 
(Rosaceae) with increasing latitude. American Journal of Botany, 97, 988-997. 
Volis S, Mendlinger S, Ward, D (2002) Differentiation in populations of Hordeum 
spontaneum along a gradient of environmental productivity and predictability: life history 
and local adaptation. Biological Journal of the Linnean Society, 77, 479-490. 
Volis S, Mendlinger S, Ward D (2004) Demography and role of the seed bank in 
Mediterranean and desert populations of wild barley. Basic and Applied Ecology, 5, 53-
64. 
Volis S, Yakubov B, Shulinga I, Ward D, Mendlinger S (2005) Distinguishing adaptive from 
nonadaptive genetic differentiation: comparison of QST and FST at two spatial scales. 
Heredity, 95, 466-475. 
Volis S, Mendlinger S, Olsvig-Whittaker L, Safriel UN, Orlovsky N (1998) Phenotypic 
variation and stress resistance in core and peripheral populations of Hordeum spontaneum. 
Biodiversity and Conservation, 7, 799-813. 
Vollestad LA, Hindar K, Møller AP (1999) A meta-analysis of fluctuating asymmetry in 
relation to heterozygosity. Heredity, 83, 206-218. 
Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M, Frijters A, Pot J, Pelman J, 
Kuiper M, Zabeau M (1995) AFLP: a new technique for DNA fingerprinting. Nucleic 
Research, 23, 4407-4414. 
Vucetich JA, Waite TA (2003) Spatial patterns of demography and genetic processes across 
the species’ range: Null hypotheses for landscape conservation genetics. Conservation 
Genetics, 4, 639-645. 
REFERENCES  127 
 
Wagner V, Durka W, Hensen I (2011) Increased genetic differentiation but no reduced 
genetic diversity in peripheral vs. central populations of a steppe grass. American Journal 
of Botany, 98, 1173-1179. 
Waldmann P (2001) Additive and non-additive genetic architecture of two different-sized 
populations of Scabiosa canescens. Heredity, 86, 648-657. 
Waldmann P, Andersson S (1998) Comparison of quantitative genetic variation and allozyme 
diversity within and between populations of Scabiosa canescens and S. columbaria. 
Heredity, 81, 79-86. 
Warner R, Chesson RL (1985) Coexistence mediated by recruitment fluctuations: a field 
guide to the storage effect. American Naturalist, 125, 769-787. 
Weppler T, Stoll P, Stöcklin J (2006) The relative importance of sexual and clonal 
reproduction for population growth in the long-lived alpine plant Geum reptans. Journal 
of Ecology, 94, 869-879. 
Whitlock MC (2008) Evolutionary inference from QST. Molecular Ecology, 17, 1885-1896. 
Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and migration: FST ≠ 
1/(4Nm+1). Heredity, 82, 117-125. 
Widén B, Andersson S (1993) Quantitative genetics of life-history and morphology in a rare 
plant, Senecio integrifolius. Heredity, 70, 503-514. 
Willi Y, van Buskirk J, Hoffmann AA (2006) Limits to the Adaptive Potential of Small 
Populations. Annual Review of Ecology Evolution and Systematics, 37, 433-458. 
Willi Y, van Kleuren M, Dietrich S, Fischer M (2007) Genetic rescue persists beyond first-
generation outbreeding in small populations of a rare plant. Proceedings of the Royal 
Society, Series B, 274, 2357-2364. 
Williams CK, Ives AR, Appelgate RD (2003) Population dynamics across geographical 
ranges: time-series analyses of three small game species. Ecology, 84, 2654-2667. 
Woodward, F. I. 1986. Ecophysiological studies on the shrub Vaccinium myrtillus L. taken 
from a wide altitudinal range. Oecologia, 70, 580-586. 
Woodward FI (1990) The impact of temperatures in controlling the geographical distribution 
of plants. Philosophical Transactions of the Royal Society London, Series B, 326, 585-
593. 
REFERENCES  128 
 
Wolf AT, Howe RW, Hamrick J (2000) genetic diversity and population structure of the 
serpentine endemic Calystegia collina (Convolvulaceae) in northern California. American 
Journal of Botany, 87, 1138-1146. 
Yakimowski SB, Eckert CG (2007) Threatened peripheral populations in context: 
geographical variation in population frequency and size and sexual reproduction in a 
clonal woody shrub. Conservation Biology, 21, 811-822. 
Yakimowski SB, Eckert CG (2008) Population do not become less genetically diverse or 
more differentiated towards the northern limit of the geographical range in clonal 
Vaccinium stamineum (Ericaceae). New Phytologist, 180, 534-544. 
Yoshioka Y, Honjo M, Iwata H, Ninomiya S, Ohsawa R (2007) Pattern of geographical 
variation in petal shape in wild populations of Primula sieboldii E. Morren. Plant Species 
Biology, 22, 87-93. 
Zhang R, Zhou ZC, Du KJ (2012) Genetic diversity of natural populations of endangered 
Ormosia hosiei, endemic to China. Biochemical Systematics and Ecology, 40, 13-18. 
Zhivotovsky LA (1999) Estimating population structure in diploids with multilocus dominant 
DNA markers. Molecular Ecology, 8, 907-913. 
 
  
 
SUMMARY 
 
SUMMARY  130 
 
The aim of this thesis was to test several of the predictions of the abundant centre model 
(ACM) by comparing central and peripheral populations of the model species Carduus 
defloratus along a gradient from the centre towards the periphery of the distribution of the 
species. The ACM predicts that because of increasingly unfavorable and stressful conditions 
populations become less frequent, smaller, and less dense towards the range edges. Further 
predictions for peripheral populations derived from the model include lower reproduction of 
organisms, higher temporal variability of demographic transitions and of population growth 
rates, higher genetic differentiation among populations and lower within-population genetic 
diversity. 
Most of these predictions of the ACM were supported in C. defloratus. The size of 
populations, their density and reproduction, but also the proportion of seeds damaged by 
insects decreased from the distribution centre of the species towards the periphery. The 
number of flowering plants in a population influenced all components of reproduction. Plants 
in large populations initiated more seeds, aborted less seeds, and produced more and larger 
seeds per plant. This indicates pollen limitation and increased inbreeding in small, peripheral 
populations. The strongly reduced reproduction in combination with the lack of suitable, open 
rocky habitats and poor dispersal of the seeds limits the abundance of C. defloratus towards 
its northern range limit.  
Demographic studies in 14 populations of C. defloratus along the central-peripheral gradient 
did not indicate significant differences between peripheral and central populations in the 
asymptotic growth rate (λ) of the populations, of the temporal variability in λ, or in the 
extinction risk of populations of a certain size. However, the variability of several 
demographic transitions like seedling survival and stasis of vegetative plants decreased 
toward the periphery, but changes in these transitions compensated each other. These results 
are in contrast to the hypothesis of increasing demographic variability towards the periphery 
of the distribution of a species and an increased extinction risk of peripheral populations. Both 
population types differed significantly in particular demographic transitions, the contribution 
of particular transitions to λ, their stage structure, and the life span of plants. The fact that 
demographic features of C. defloratus showed clinal variation related to gradients in centrality 
and thus climate, suggest that it might be possible to predict general demographic features for 
individual populations based on their environment. 
An analysis of the genetic variability and genetic structure of 78 populations of C. defloratus 
based on AFLPs indicated that genetic variability within populations decreased towards the 
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periphery whereas the genetic differentiation between populations increased. A strong 
increase of genetic differentiation between pairs of populations with their geographic distance 
(isolation by distance) indicated gene flow between neighbouring populations. The pattern 
found is likely to have been formed during the last glaciation, because the populations of C. 
defloratus outside of the Alps are very isolated and gene flow between them has been very 
unlikely for a long time. This result together with the small effect of current population size 
on genetic variability indicates that the population genetic structure of the long-lived species 
is mainly influenced by historical processes. Like the genetic diversity of molecular genetic 
markers, that of several quantitative traits decreased from the distribution centre towards the 
range margin. However, in contrast to the molecular genetic differentiation, the differentiation 
in quantitative traits did not increase towards the periphery. Quantitative and molecular 
genetic diversity were not correlated significantly and correlations between quantitative and 
molecular genetic differentiation were either weak or not significant.  
The quantitative genetic differentiation of several traits (QST) between 32 populations of C. 
deflorauts was stronger than the differentiation between molecular markers (PhiST) and some 
traits showed clinal variation with regard to environmental gradients, indicating that divergent 
selection acts on quantitative traits. The clinal variation in quantitative traits indicates that the 
observed differences are adaptive. The northern peripheral populations are likely to contain 
alleles that may become important for the adaptation of the species to a warmer climate. The 
northern range limit of C. defloratus rather results from lack of suitable open, rocky habitats 
than from poor adaptation to climatic conditions in the north.  
Altogether, the combination of different studies on a single model species and the results of 
this thesis contribute to a better understanding of the role of current and historic, and of 
demographic and genetic processes for the differentiation between central and peripheral 
populations. Moreover, these studies contribute to the discussion about the conservation value 
of small, peripheral populations in a time of climatic change. 
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Das Ziel dieser Dissertation war es, die Vorhersagen des "Abundant Center Models" (ACM) 
durch einen Vergleich von Populationen von Carduus defloratus entlang eines Gradienten 
vom Zentrum zur Peripherie des Verbreitungsgebietes zu testen. Das ACM sagt voraus, dass 
aufgrund von zunehmend ungünstigen Bedingungen zum Rand des Verbreitungsgebietes hin 
Populationen kleiner und weniger dicht werden. Weitere vom ACM abgeleitete Vorhersagen 
sind, dass periphere Populationen eine geringere Reproduktion der Individuen aufweisen, und 
dass die zeitliche Variabilität der demographischen Übergänge sowie der Wachstumsraten der 
Populationen größer ist. Aufgrund der geringeren Größe der Populationen und ihrer stärkeren 
Isolation voneinander, sollte außerdem die genetische Variabilität in Populationen zur 
Peripherie hin abnehmen und ihre Differenzierung zunehmen.  
Die meisten dieser Vorhersagen des ACM trafen auf C. defloratus zu. Die Größe der 
Populationen, die Dichte der Pflanzen und ihre Reproduktion, aber auch der Anteil durch 
Insekten geschädigter Samen nahm vom Zentrum zur Peripherie des Verbreitungsgebietes ab. 
Die Anzahl Pflanzen in einer Population beeinflusste alle Komponenten der Reproduktion der 
Pflanzen. Pflanzen in großen Populationen setzten mehr Samen an, abortierten weniger 
Samen und produzierten mehr und größere Samen. Dies deutet auf eine verringerte 
Bestäubung und auf stärkere Inzucht in den kleineren peripheren Populationen hin. Die stark 
reduzierte Reproduktion, in Kombination mit dem Mangel an geeigneten, offenen 
Felshabitaten und der geringen Ausbreitungsfähigkeit der Samen, begrenzt offenbar die 
Abundanz der Art zur nördlichen Verbreitungsgrenze hin.  
 Demographische Studien in 14 Populationen von C. defloratus entlang des 
Zentralitätsgradienten zeigten keine signifikanten Unterschiede zwischen peripheren und 
zentralen Populationen in der asymptotischen Wachstumsrate (λ) der Populationen, der 
zeitlichen Variabilität in λ, oder des Aussterberisikos von Populationen einer bestimmten 
Größe. Allerdings nahm die Variabilität einiger demographischer Übergänge, wie die des 
Überlebens der Keimlinge und der Stasis vegetativer Pflanzen, zur Peripherie hin ab. Diese 
Ergebnisse widersprechen der Hypothese, dass die Variabilität der Demographie zur 
Peripherie der Verbreitung einer Art zunimmt und periphere Populationen deshalb stärker 
gefährdet sind. Die beiden Typen von Populationen unterschieden sich in den einzelnen 
demographischen Übergängen, deren zeitlicher Variabilität, den Beiträgen der einzelnen 
Übergänge zu λ, in ihrer Stadienstruktur und in der Lebensdauer der Pflanzen. Allerdings 
kompensierten sich Unterschiede in verschiedenen Übergängen stark, so dass die Variabilität 
in λ nicht unterschiedlich war. Das Ergebnis, dass die demographischen Eigenschaften von C. 
defloratus in Beziehung zur Zentralität einer Population und damit zu klimatischen 
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Gradienten stehen, gibt Anlass zu der Hoffnung, dass es möglich sein könnte, 
demographische Eigenschaften von einzelnen Populationen einer Art aufgrund der 
Umweltbedingungen vorherzusagen. 
Eine Analyse der genetischen Struktur und Variabilität von 78 Populationen von C. defloratus 
mit AFLP-Markern zeigte, dass die genetische Variabilität innerhalb der Populationen zur 
Peripherie hin abnahm, während die Differenzierung zwischen Populationen zunahm. Die 
genetische Differenzierung zwischen Populationen nahm mit ihrer Entfernung voneinander 
stark zu, was auf Genfluss in der Vergangenheit (möglicherweise während der letzten Eiszeit) 
hindeutet, da die Populationen von C. defloratus außerhalb der Alpen seit langem isoliert sind 
und aktueller Genfluss sehr unwahrscheinlich ist. Zusammen mit dem geringen Effekt der 
aktuellen Größe der Populationen auf die genetische Variabilität zeigt dies, dass die 
genetische Struktur der Populationen der langlebigen Art C. defloratus vor allem durch 
historische Prozesse bedingt ist. Wie die genetische Variabilität molekularer Marker, nahm 
auch diejenige einiger weniger quantitativer Merkmale vom Zentrum zur Peripherie hin ab. 
Die quantitativ-genetische Differenzierung zwischen Populationen nahm im Gegensatz zu 
derjenigen molekularer Marker nicht zur Peripherie hin zu. Quantitativ- und molekular-
genetische Variabilität waren nicht signifikant korreliert und nur die genetische 
Differenzierung quantitativer vegetativer Merkmale war mit jener der molekularer Merkmale 
korreliert.  
Die genetische Differenzierung in verschiedenen quantitativen Merkmalen (QST) zwischen 32 
Populationen von C. defloratus war deutlich stärker als die zwischen molekularen Markern 
(PhiST) und verschiedene Merkmale zeigten klinale Variation in Beziehung zu 
Umweltgradienten. Die weist auf den Einfluss divergenter Selektion und auf lokale 
Adaptation hin. Die nördlichen peripheren Populationen sind daher besonders wertvoll für die 
Anpassung der Art an ein wärmeres Klima. Der nördliche Verbreitungsrand von C. defloratus 
lässt sich eher durch einen Mangel an offenen, felsigen Habitaten als durch eine zu geringe 
Anpassungsfähigkeit an die klimatischen Bedingungen im Norden erklären.  
Insgesamt tragen die verschiedenen Studien an einer Modellart zu einem besseren Verständnis 
des Einflusses aktueller und historischer, sowie demographischer und genetischer Prozesse 
auf die Unterschiede zwischen zentralen und peripheren Populationen bei. Darüber hinaus 
sind die Studien ein Beitrag zur Diskussion über den Wert kleiner, peripherer Populationen 
für den Naturschutz in einer Zeit des Klimawandels. 
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